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Abstract 
Cold-cure flexible polyurethane (PU) foam moulded products are 
manufactured by mixing a polyol and an isocyanate in a preheated tool. Foam 
moulded products frequently have defects such as varying density and surface defects. 
Defects resulting in scrap amount to 2-4% which translates into millions of pounds. 
Past research to reduce flexible foam moulding scrap and improve quality has 
focussed on chemical compositions, chemical reactions and materials development. 
This research set about understanding and improvement through a manufacturing 
focus to control and improve the foam moulding process. It was suspected that an 
uneven mould temperature was among the causes of defects in flexible PU foam parts. 
However, no detailed published work focusing on the effect of mould temperature on 
high-resilience cold-cure flexible PU foam moulded parts was found. 
The aim of this research was to analyse and quantify the effect of mould 
temperature on flexible PU foam surface texture and density. This could then be used 
to implement either conformal or non-conformal heating channel systems in foam 
moulding tools. A specially designed mould was built to produce PU foam samples at 
varying temperatures from 30°C to 80°e. A unique approach using a 3D Laser 
scanner and a eT scanner was adopted to analyse and quantify the effect of mould 
temperature on the PU foam samples surface texture and density. It was shown that 
mould temperature had an effect on foam surface texture and density. The foam 
density increased as the mould temperature reduced, and foam surface texture was 
coarse at extreme low and high mould temperatures. Analysis with SEM also showed 
that mould temperature had an effect on foam density due to its effect on foam cell 
size. Low mould temperature resulted in small cell size contributing to high foam 
density. High mould temperature resulted in large cell size contributing to low foam 
density. Results from this research provide a method of predicting the effect of mould 
temperature on foam density and surface texture at varying temperatures. Results 
provide a possible method for customising foam density at various sections by 
developing a non-conformal heating channel to impose large mould temperature 
variations. Designers and manufacturers could have multiple density in car seats (such 
as dual density bucket design seats) if required by controlling mould temperature at 
various mould sections rather than by changing material composition. 
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ter 1 
Polyurethane Foam and their Classifications 
1.1 Introduction 
Flexible polyurethane foam captures the major foam market for upholstery, 
mattresses, automotive seats and interiors, carpet backing, packaging and padding 
(Morton-Jones and Ellis 1986). Flexible polyurethane foam moulded products are 
manufactured by mixing raw materials, a polyol and an isocyanate, in a preheated 
tool. The heat from the tool promotes urethane polymerisation and foaming which 
expands to fill the mould cavity (Figure 1.1). The polymerisation reaction produces 
solid polyurethane and it is by forming bubbles in the polymerising mixture that a 
foam is made (Randall and Lee 2002). 
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expands "searching" to fill 
the mould 
Figure 1.1: The PU Foam Moulding Process (Hopkinson and Dickens 2000a). 
Most polyurethanes are thermoset materials although some are thermoplastics. 
PUR is the standard ISO abbreviation for polyurethane even though PU is more 
commonly used. The name urethane is derived from Latin, urina for urine, and 
French ethan for ethanol (Uhlig 1999). 
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Polyurethane has been the fastest growing segment of the polymer industry 
since it was discovered by Dr Otto Bayer in the 1940's. Consumption of 
polyurethanes has grown from 4,000 tonnes in 1956 to over 250,000 tonnes in 1967 
(Oertel 1994). Recent figures show that over 900,000 tonnes are consumed each year 
by global automotive industries alone (Randall and Lee 2002). Typical scrap rates of 
between 2-4% translate into millions of pounds wasted since the materials cost alone 
is close to 50% ofthe moulded component (Hopkinson and Dickens 2000a). 
1.2 Background of Polyurethane 
In the mid-40s polyester polyols were the basic materials used to react with 
isocyanates and various additives for the production of polyurethane film and sheet 
(Buist 1978). The cross-linking agents used reacted with water producing bubbles of 
carbon dioxide. Scientists in the US, UK and Germany worked at eliminating defects 
caused by carbon dioxide bubbles trapped in polyurethane films and sheets. 
Converting this apparent defect into a virtue produced flexible polyester polyurethane 
foam. 
Until 1952 annual worldwide production of PU foams was less than 100 tons 
(OerteI1994). Improvements in PU technology saw the introduction of new and better 
polyether polyols instead of polyester polyols. Polyether polyols are more cost 
effective, improve mechanical properties of foam parts and provide optimum 
reactivity (Buist 1978). In 1960, already more than 45,000 tons of flexible 
polyurethanes foam were produced (Oertel 1994). Both polyester polyols and 
polyether polyols are normally synthetic while Castor oil is the natural form of 
polyester polyols. 
Improved isocyanate, methylene diphenyl diisocyanate (MDI) instead of 
traditional tolylene diisocyanate (TDI), revolutionised the polyurethane industry 
(Lindsey and Schoberth 1984). MDI is more fire resistant (higher flash point, higher 
fire point and when burning does not melt and drip), has lower toxicity and does not 
vaporise in the exothermic foam-making reaction as compared to TDI (Reichel and 
Taylor 1984) . 
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These materials, polyether polyols and MDI, are not only cheaper but allow 
for a wide range of variables in preparation of compositions and a huge spectrum of 
structures and properties. Records show that the worldwide consumption (Figure 1.2) 
for PU raw materials has been growing at an average rate of over seven percent per 
annum for the last 15 years (Oertel 1994; Randall and Lee 2002). It is estimated that 
world consumption will be close to 12 million tonnes for the year 2005 . 
9.3 
~--------------------------~- .~ 
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Figure 1.2: PU consumption (Oertel 1994; Randall and Lee 2002) 
Other than polyols and isocyanates, a wide range of other chemicals can be 
added to modify and control both the polyurethane chemical reaction as well as the 
properties of the final polymer (Utsumi et al. 1998). Among the primary additives are 
blowing agents, catalysts, cross-linking agents and flame-retardants . 
1.3 Different Grades of Polyurethanes 
Polyurethanes can be manufactured in a very wide range of material grades 
with densities ranging from 6 kg/m3 to 1,220 kg/m3 and varying polymer stiffness, 
extending from low-density flexible foams to solid non-cellular polyurethanes 
(Randall and Lee 2002). The fo llowing simplified chart (Figure 1.3) illustrates the 
broad range of polyurethanes, with reference to density and stiffness, and their 
application area. 
-3-
~ 
.;;; 
c 
" o 
E 
'" o 
LL 
Solid 
polyurethanes 
High-density 
foams 
Low-density 
foams 
Very soft elastomers Stiff elastomers and plastics Rigid plastics 
Increasing Polymer Stiffness 
Figure 1.3: Polyurethanes property and application matrix (Randall and Lee 2002). 
1.3.1 Polyurethane Classifications 
The wide variety of isocyanates and polyols leads to a broad spectrum of 
polyurethane materials. The various forms of polyurethane can be grouped into foams 
and non-cellular polyurethane (Figure 1.4). 
Almost 80% of all polyurethanes are used III the form of foams, with 20% 
used in the form of non-cellular products such as solid polyurethane materials, 
polyurethane for surfaces, polyurethane adhesives, polyurethane binders and 
polyurethane elastomeric fibres (Uhlig 1999). Due to the extensive volume of 
information, this literature review is limited to the polyurethane foams group. 
Four main categories classed under the family of foams are (Figure 1.4): 
• Flexible foams 
• Rigid foams 
• Integral skin foams 
• Micro-cellular foams 
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Figure 1.4: Four main categories classed under the polyurethane foams. 
1.4 Rigid Foams 
Rigid foams include rigid slabstock, boards with facings and pour-in-place 
rigid urethane foam. Rigid foams are highly cross-linked, mostly closed celled 
thermoset materials of low density (Oertel 1994). Rigid foams have high softening 
points and exhibit good resistance to chemicals and solvents. Rigid PU foam can 
withstand working temperatures between -200°C to + 150°C and density can be in the 
range between 30 kg/m3 to 60 kg/m3 (Oertel 1994). Different production methods 
produce rigid foams of slightly different properties. 
Generally, usage can be as pure insulation material in cold applications such 
as refrigerators, freezers, refrigerated warehouses, trucks and containers. While hot 
applications include insulation material for hot-water tanks and appliances, and 
district heating pipes (Landrock 1995). When fixed between facer materials, rigid PU 
foam provides an excellent choice for structural construction material such as roofmg, 
walls and facades, roller blinds and radiator bays (OerteI1994). 
1.5 Integral Skin Foams 
Integral skin foams are also referred to as polyurethane self-skinning foams. 
According to DIN 7726 specifications, integral skin foams are products with hard and 
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almost solid polymeric skin integrated with a soft cellular core (Figure 1.5) essentially 
made up of the same material produced in a single moulding process (DIN 7726 
1982). 
1,000 kg/m3 
:0 
.v; 
c 
(]) 
o 
300 kg/m3 
Surface 
skin 
Core 
SUrf.ace Non-expanded / 
skm skin 
Expanded 
core 
Figure 1.5: Integral skin foam (Randall and Lee 2002). 
Integral skin foams are achieved by controlling simultaneous reactions during 
the polyurethane foaming process, by adjusting mould temperature, choice and 
quantity of blowing agent and packing (Gupta and Khakhar 1999). The tough but 
elastic outer skins have a dual purpose of protecting the core and usually add aesthetic 
value. Density is pronouncedly higher around the outer layer and decreases towards 
the core. Integral skin foam is widely used in the shoe industry for making soles and 
in the automotive industry for making interior parts such as gearshifts, armrests, 
steering wheels, bumpers, spoilers and fenders (Landrock 1995). 
1.6 Flexible Foam 
The raw material system for flexible polyurethane foam consists of three 
components; isocyanates, polyols and additives. The main sources of raw materials 
are petroleum, coal, salt and renewable natural materials such as sugar cane or beet, 
corn and fat (Doyle 1971). 
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Companies such as Bayer GmbH and Huntsman Polyurethanes are described 
as PU processors, which manufacture raw materials for polyurethanes but do not carry 
out physical forming and shaping of final products. PU processors normally supply 
ready-to-use prepolymers or modified isocyanates together with "remaining" polyol 
and additives as a formulation and two-pack system (Bayer 1984; Woods 1987; 
Randall and Lee 2002). The labels "ISO" for isocyanates and "POL Y" for po1yo1s are 
often found on containers. 
Using the isocyanates and polyols supplied by the PU processors 
manufacturing companies adopt a processing technology in order to produce the final 
polyurethane foam product. 
1.6.1 Flexible PU Foam Definition 
According to the DIN 7726 (DIN 1982) definition, the four main features of flexible 
PU foam are: 
• limited resistance to an applied load 
• open-celled 
• permeable to air 
• it is reversibly deformable 
1.6.2 Equipment 
As a basic concept, polyurethane foaming equipment is relatively simple; it 
delivers two or more liquid feed streams into a mixing device (Figure 1.6). However, 
the required accuracy in temperature, feed-stream delivery, and ratios has created a 
need for precision machines (Bruins 1969). 
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Figure 1.6: Polyurethane foaming equipment (Bruins 1969). 
1.6.3 Physical Process during Foam Formation 
The sequence of the foaming process is classified by a number of distinct 
stages known as mixing time, cream time, full rise time, curing time and tack-free 
time (Wehrhahn 1991; Utsumi et al. 1998). This information is obtained using the 
foam cup test method (Figure l.7) in the laboratory: 
Figure l.7: Demonstration of foam cup test method. 
• Mixing the reactants (Figure l.7a) starts at t=O. Mixing time IS 
sometimes also referred to as stirring time or start time. 
• Cream time is the time difference from t=O to a visible change in a still 
liquid mix when it starts to foam and shows an increase in viscosity 
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and volume, along with a fast rise in temperature due to the exothermic 
polyurethane reactions (Figure 1. 7b). 
• Curing time, also known as gel time, is the time from t=O to initial 
solidification (Figure 1.7c) (lones et al. 2002). 
• Tack-free time is the time difference from t=O to that of a tack-free 
surface, when the surface of the foam stops being tacky to the touch, 
often tested with a beer mat (Figure 1.7d). 
• Full rise time, also known as end-of-rise time or hold pressure time, is 
the time difference from t=O to the time when achieve the maximum 
foam height is achieved (Figure 1.7e) . 
• Mould dwell time is the period of time from t=0 to the earliest 
possible demould time (this depends on the green strength of the 
moulding). 
• Cycle time IS the complete single production cycle that includes 
preparation of the mould (opening, removal of moulding, cleaning, 
application of release agent, pouring, clamping and curing. 
• Maturing time, is the time difference from t=O until attainment of the 
optimum properties, this is influenced by temperature and atmospheric 
humidity conditioning (Wehrhahn 1991 ; lackson 2002). This is often 
ascertain by splitting open the foam to analyse its internal structure 
(Figure 1.8). 
Figure 1.8: Matured foam internal structure 
analysed by splitting open with jig-saw. 
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1.6.4 Classifications of Flexible PU Foams 
Flexible polyurethane foams can be further classified into slabstock foams and 
flexible moulded foams (Figure 1.9). Each of the categories has slightly different 
manufacturing processes, properties and applications. 
Flexible 
PU foams 
I 
I I 
Flexible Flexible PU 
Slabstock Moulded 
Foam Foam 
Figure 1.9: Classification of flexible polyurethane foams. 
1.6.5 Flexible Slabstock Foam 
As implied by its name, flexible polyurethane slabstock foam is produced in 
the form of continuous long blocks of foam and later cut into desired shapes and sizes. 
Slabstock foam is sometimes produced in a discontinuous process as semi-finished 
products thus minimising labour-intensive cutting and waste. Neither process requires 
external heat as the chemical reactions of the formulations used in producing flexible 
slab stock foam are highly exothermic and foam expansion is completed in less than 
five minutes (Bayer 1984). Complete curing and desired properties are achieved 
between ten to twelve hours after mixing. 
Continuous slabs are mainly produced in manufacturing plants using long and 
large slabstock foaming machines linked with conveyors that are able to sustain a 
high production capacity. Discontinuous slabs are suitable for low production 
volumes where slabs are produced in boxed shape moulds placed on rollers. The 
metal or wooden moulds are rolled under the mixing container, which dispenses the 
mixtures, before being rolled to the curing section. The foam is later transferred to the 
removal section for slab removal and storage before cutting. Various techniques and 
types of equipment are employed to cut-out intricate and contoured geometric shapes 
such as hot wire profile cutting, stamping, master contour cut and buffing. 
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As with other polyurethanes, properties of slabstock foam are generally 
governed by the choice of starting materials and formulations , while foam density 
depends on the quantity of water added (Oertel 1994). Common density ranges are 
between 20 kg/m3 and 50 kg/m3, but for special applications lower or higher densities 
can be produced, where higher density provides better durability. (Bayer 1984). 
Slabstock foam is widely used in the furniture industry, bedding and 
mattresses, textile foams, packaging, domestic goods and carpet backing. In 
automotive applications flexible slabstock foams are also used for making seat and 
door trims, headliners, acoustic insulation, air filters and gaskets (Oertel 1994). 
1.6.6 Flexible Moulded Foam 
The moulded foam process provides an advantage over slabstock foam since 
complex shapes can be moulded into the final shape without requiring a finishing-cut 
operation, thus achieving a reduction in waste level and an improvement in 
productivity. Selected polyurethane materials are mixed, foamed and cured in a single 
discontinuous process using a mould. The moulds are usually made of cast and/or 
machined aluminium (Figure 1.10), steel or epoxy-resin (Buist and Gudgeon 1968; 
Utsumi et al. 1998). 
Figure 1.10: Moulded foam from a cast and machined aluminium mould. 
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The moulded foam process also allows for placement of mould inserts such as 
reinforcement fixtures or an assembly frame structures. Multiple zones of hardness 
can be achieved either through varying raw material ratios or through applying 
reinforcements such as wire-mesh, plastic liners or fabric skin (Dounis and Wilkes 
1997). 
Moulded flexible polyurethane foams are mainly used in load-bearing and 
sound insulation applications. Automobiles seats, upholstered furniture, mattresses, 
and cushioning for carpet are some examples of load bearing applications. Moulded 
flexible foams have gained a strong market position in automotive seat applications 
due to their outstanding design flexibility, comfort and cost effectiveness (Burkhart et 
al. 1991 ; Vorsphol et al. 1994). 
1.6.7 Polyurethane Foams for Automotive Parts 
A typical car contains between 20 kg to 30 kg of polyurethane of which 13 kg 
consists of flexible foams in various forms such as for sound insulation (Figure 1.11), 
seating, head rests, interior trim, sun visors and surfaces (Figure 1.12) (Ick et al. 1976; 
Randall and Lee 2002). 
Figure 1.11 : Acoustic insulator in a car (Collins & Aikman 2004). 
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and surfaces 
e.g. seat cover 
Figure 1.12: Interior trim and surfaces in a car (Collins & Aikman 2004). 
In acoustic insulation, mo:.1ded polyurethane foams allow for optimal design 
freedom such as variable thickness a11.Q shapes, acoustically tuned to match a vehicle 's 
specific acoustic profile. Specific autcmotive engines generate a 'signature ' noise 
spectrum which, combined with the vibration transmitted from the road surface, 
emits a frequency in the range of 50 Hz to 2,000 Hz (Collins & Aikman 2004). 
Moulded foam fitted to the size and shape of the engine compartment, side panels and 
floor pan, leaves no air space for sound waves to escape, providing high sound 
insulation performance (Figure 1.13). Low density cold-cure foams with very open 
cells are widely used for foam interlayers which have been optimised in terms of key 
physical parameters - density, surface roughness, thickness, and air-flow (Randall and 
Lee 2002). 
Figure 1.13 : Engine side dash acoustic insulator (Collins & Aikman 2004). 
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Automotive parts, especially seats, are required to withstand high static and 
dynamic continuous loading and large variations in temperature and humidity (Broos 
et al. 2000). The combination of polyol, isocyanate and various additives produces 
polyurethane foam with mechanical properties highly desired in typical automotive 
seating (Figure 1.14) with specifications for maximum comfort, low density and 
economICS. The mechanical properties include good tensile strength, vibration 
dampening, resilience and durability (Casati et al. 1998). 
Front Passenger 
Seat 
Driver's 
Seat 
Rear Passenger 
Seat 
Figure 1.14: Typical automotive seating. 
Specifications for automotive seating generally adopted in automotive 
industries have similar criteria such as minimum levels for density, good tensile 
properties, and compression set together with a dynamic fatigue test procedure to 
simulate arduous service (Patten and Seefried 1976). Typical basic automotive 
industry specifications prior to Montreal Protocol in 1987 are listed in Table 1.1. 
Current automotive seating specifications will have changed with new regulations 
implemented and considerable advances in modem design requirements. An extensive 
search failed to find more recent data, it is possible that today's automobile 
manufacturers are more secretive of their detailed specifications. 
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Leyland GM Audi-Peug- Chrysler NSU Ford 
eot 
Citroen (Austin- (UK) (Fisher Volks- Volvo Morris) Body) 
wagen 
Core density 35 min. 35 35 34 min . 50 min. 38 - 43 50+ 10 45 - 50 (kg/m)) 
- 5 
50% 
Compression 10% 10% 
n/a 10% max nla 20% max 8%max nla (comp. set max max 
22h at 70°C) 
Tensile 
strength 80 75 110 60 83 82 120 nla 
(kN/m2) min 
Elongation 120 110 150 90 90 150 130 nla (%) min 
Tea r 
Strength nla nla 333 nla 134 260 nla nla 
(N/m) min 
Max . 
hardness 30% 10% 5% 20% 30% nla nla 10% 
loss 
Max . 13 mm 
thickness 5% 5% n/a 5% 5% 25% max nla 
loss max 
Specification SKM LCI M660/ 2 TL-VW 852 FP03 nla FBMS 7-7 ORWG I 
refere nce 98 0 262 200.5 567 28 1 103 
Table 1.1: Automotive Seating Foam Specifications (Buist 1978). 
1.7 Micro-cellular foams 
Micro-cellular foams are also called micro-cellular elastomers. Typically in 
micro-cellular foams the average cell size are 10 microns obtained by nucleating one 
hundred million or more bubbles per cm3 of polymer (Kumar and Weller 1997). The 
introduction of these micro-cellular cells greatly reduces material cost by replacing 
solid material with very small bubbles which also lowers the density while 
maintaining the essential mechanical properties (Park et al. 1998). The densities are in 
the range of about 320 kg/m3 to 960 kg/m3. The major polyols for micro-cellular 
foams include aliphatic polyester diols and poly glycols (Landrock 1995). The 
polyisocyanates used for micro-cellular foams are TDI-prepolymers and modified 
MDI while water is used as the blowing agent. 
Micro-cellular foams are widely used for various shock absorbing materials in 
automotive applications such as bumper cores, shock-absorbing elements in vehicle-
suspension elements, shoe soles and sport shoes (Landrock 1995). 
Among the processes in producing micro-cellular foams are Reaction Injection 
Moulding (RIM), Liquid Reaction Moulding (LRM) and Resin Transfer Moulding 
(RTM). 
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Reaction Injection Moulding (RIM) is the process of high-pressure 
impingement mixing of two reacting components, and subsequently, injecting the 
reactive system into a closed mould (Woods 1987). PU products produced by RIM 
technology include automotive bumper fascias (Figure 1.15), glass rims, precision 
parts and small parts from multi-cavity moulds (Morton-lones and Ellis 1986). 
Figure 1.15: Mercedez-Benz Omnibus 0303; bumper covers made with micro-
cellular polyurethane elastomer (OerteI1994). 
Liquid Reaction Moulding (LRM) is the terminology used to describe the in 
situ moulding of a finished part from reactive liquid components (Critchfield and 
Gerkin 1974). LRM is highly reactive, low viscosity and a medium pressure (about 50 
psi in the mould) process capable of achieving very short cycle times (two minutes or 
less). It is used in the fabrication oflarge, intricate shaped parts such as automotive 
fascia, door panels, filler panels, sight shields and fender extensions. 
Resin Transfer Moulding (RTM) involves the introduction of a liquid resin or 
resins, usually thermoset materials, into a closed mould under a forcing pressure 
gradient (Rudd et al. 1997). Lotus cars use this process for the production of spoilers 
and composites car bodies for their line of cars. 
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Chapter 2 
Overview of Moulded Flexible PU Foam 
2.1 Introduction 
The chemical reactions between po1yo1 and isocyanate form the basis for the 
production of flexible polyurethane foam. Required foam properties may be achieved by 
the choice of raw material, variation of recipes and processing conditions (Oertel1994). 
Density, hardness, elasticity and various properties can be varied accordingly in a wide 
range to meet specific applications and the required specifications. 
2.2 Polyurethane Foam Chemistry 
There are three principle reactions involved in polyurethane foam chemistry 
(Klempner 1991), the most important reaction in the manufacture of polyurethanes is 
between po1yol and isocyanate known as the polymerisation reaction or gel formation 
reaction (Figure 2.1). Mixing the materials in a preheated tool promotes the 
polymerisation reaction. The exothermic reaction product is called urethane. This 
reaction proceeds slowly at room temperature in the absence of a catalyst. The 
reaction becomes quite rapid upon heating (Woods 1982). 
R'OH + R"NCO 
Alcohol Isocyanate 
~ R' NHCOO R" 
Urethane gel 
Figure 2.1: Polymerisation or gel formation reaction. 
The exothermic reaction between isocyanate and water, known as the foaming 
or blowing reaction, forms bubbles in the polymerising mixture producing 
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polyurethane foam (Figure 2.2) . This reaction provides the principal source of gas for 
blowing the foam and a major source of heat for foam expansion and foam curing. 
This reaction is also important in extending the polymer chain. The initial product of 
the reaction, a substituted carbamic acid, is unstable and breaks down into an amine 
and carbon dioxide. 
R"NCO + H20 + ~ R"NHCOOH ~ R"NH2 + CO2 
Isocyanate Water Carbamic acid Amine Carbon dioxide 
(unstable) 
Figure 2.2: Foaming or blowing reaction 
The amme then further reacts with isocyanate to produce a urea linkage 
(Figure 2.3). The resulting polyurea segments increase the potential for cross-linking 
(Healy 1963; Randall and Lee 2002). 
R"NH2 + R"NCO ~ R" NHCONH R" 
Amine Isocyanate Urea 
Figure 2.3: Cross-linking reaction. 
The amount of polyurea derived from the reaction of diisocyanate and water or 
amine, and the length and structure of the flexible chain, are the main factors 
determining the properties of the polymer (Woods 1982). Poor fit of aligned chains 
will affect the properties of the polymer. Unexpected effects on polymer properties 
resulting from apparently minor changes in formulation have been reported (Woods 
1982). 
Other chemical reaction processes that might occurs depending on the 
chemical composition of the foam mixtures are illustrated in Figure 2.4 (Oertel 1994): 
A detailed description of all the chemical reactions is beyond the scope of this work. 
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2R'NCO + R"OH -7 R'NHCONRCOOR" (AlIophanate) 
2R'NCO + R"NH2 -7 RNHCONRCONHR" (Biuret) 
R'NCO + HCI -7 R"NHCOCI (Carbamoyl Chloride) 
R'NCO + R"COOH -7 R'NHCOR" + C02 (Amide) 
2R'NCO +R"COOH -7 R'NHCONR'COR" + C02 (Acyl Urea) 
Figure 2.4: Other chemical reactions processes in polyurethane foam. 
2.3 Raw Material 
There are four ingredients that are commonly used in the production of 
moulded flexible foam, these are isocyanate, polyol, water and additives. Additives 
can be used to improve processing, performance, appearance, and can contribute in 
achieving the desired foam properties such as density. 
2.3.1 Isocyanate 
Isocyanates with two or more NCO groups in the molecule are needed for the 
formation of polyurethanes. Two types of isocyanates more commonly used are from 
the aromatic and aliphatic groups. Aromatic isocyanates are significantly more 
reactive than aliphatics and widely used for the production of flexible foam (Randall 
and Lee 2002). Aliphatic isocyanates are only used if their reactivity suits specifically 
the polymer formation or if special properties are required regarding the [mal 
products. 
Examples of aromatic isocyanates are MDI (diisocyanate-diphenylmethane) or 
also known as (methylene diphenyl diisocyanate) and TDI (tolylene diisocyanate I 
toluene diisocyanate) . Examples of aliphatic isocyanates are HDI (hexane 
diisocyanate) and IPDI (Isophorone diisocyanate) (Randall and Lee 2002). 
Advances in isocyanates saw improvements in materials and usage, which 
initially started with tolylene diisocyanate (TDI) to mixed TDI and diphenylmethane 
diisocyanate (MDI), and the more recent trend of using the all-MD I system. 
-19-
The all-MDI system is capable of further density reductions while maintaining 
the polyurethane physical properties. The fast inherent reactivity of all-MDI 
polyurethane systems allows for rapid cure and short cycle times (Tan et al. 1996). 
Huygens (Huygens et al. 1996) discussed the development of an all-water blown MDI 
system that is cost competitive and environmentally friendly; it is an all-MDI based 
system capable of density reduction while maintaining specified processing and 
physical properties (Huygens et al. 1996; Healy 2002). 
The advancement of the cold-cure process with shorter cycle times, improved 
properties and, along with better health & safety records, has tremendously reduced 
the usage of the hot-cure moulding process. 
2.3.2 Polyol 
Besides isocyanates, polyols are the essential components for formation of 
polyurethane. There is a wide range of polyols available. Polyols are compounds with 
more than two reactive hydroxyl groups per molecule (Eaves 2004). These 
compounds are actually combinations of low molecular weight and high molecular 
weight polyol compounds. The low molecular weight compounds acts as cross-linkers 
or chain extenders (Oertel 1994). Ethylene glycol, glycerine, butanediol and 
trimethylolpropane are examples of low molecular weight compounds. While high 
molecular weight polyol compounds (averaging up to 8000 molecular weight) are the 
actual basis for the formation of the polyurethanes. It is their structure, which 
essentially contribute to the properties of the fmal polyurethane products (Oertel 
1994). 
These higher molecular weight polyols are obtained mainly from two classes, 
polyester polyols and polyether polyols (Uhlig 1999). In the early stages of 
polyurethane development, polyester polyols were used for forming polyurethanes but 
this has been replaced with the advancement in polyether polyols which are more 
elastic. Polyether polyols are not only relatively cheap but can be produced in 
different average molecular weights, chain structures and functionalities as well as 
different reactivities of their OH groups with isocyanates (Oertel 1994). This allows 
for producing foams with various specifications. 
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2.3.3 Water 
The blowing reaction between isocyanate and water is the principal source of 
gas for polyurethane foaming and expansion. The foam density is closely related to 
the water content of the formulation (Figure 2.5) (Oertel 1994). The water content in 
the foam mixture determines the amount of gas generated for foaming and expansion 
which will affect the foam density (Buist and Gudgeon 1968). Increasing the water 
content will decrease the foam density (Jones et al. 2002). Too much water content in 
the foam mixture can also result in over generation of gases, foam collapse, thermal 
discoloration or danger of self-ignition (Eaves 2004). 
50 ! ~ M 40 
E ~ -Cl 30 ~ ~ 
>. I--
-
20 .(ij j ~ 
r:::: 
\01 1.%'It Q) ; AE ',' .Ci," c 10 
I 0 
2 3 4 5 
Water (% by weight) 
Figure 2.5: Foam density and water amount relationship (Oertel 1994). 
2.3.4 Additives 
Other than polyols and isocyanates, additives have a variety of roles in the 
polyurethane formulations . Additives can act as either a catalysts, blowing agents, 
stabilisers and emulsifiers, surfactants, flame-retardants and compounds (Eaves 
2004). Additives can influence the reaction rate, fluidity of reaction mixture, formation of 
skin zones, formation of cavities and also influence final properties of the finished 
product (Oertel 1994). 
There are additives for catalysis to accelerate reaction between major 
components of the formulation. There are additives for catalysis to ensure complete 
reaction of all components in the formulation. Some additives promote additional 
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cross-linking and branching. There are additives which promote polymerisation, in 
aiding the NCO/OH reaction (Doyle 1971). Some catalysts perform the function of 
merely splitting the OH bond, to make hydrogen more readily available for reaction 
with the NCO. 
Other catalysts have dual function, in splitting the OH bond and in promoting 
a complete reaction between any of the various groups remaining after 
polymerisation. There are additives that protect the polyurethanes against hydrolytic, 
thermal, light (especially infra red light) and oxidative degradation. There are 
additives that promote proper flow of polymer, aid the release of carbon dioxide, and 
prevent foaming or bubbles at surfaces (Eaves 2004), while other additives can be 
fillers and pigments. Examples of additives are: 
2.3.4.1 
• Amine-based catalysts, such as DABCO, used to enhance the blowing 
reaction during foam formation (urea linkages developed during the 
formation of C02) (Oertel1994). 
• Diethanolamine (DEOA) which IS added in the moulded foam 
formulation to decrease de mould time by enhancing more rapid cross-
linking (Dounis and Wilkes 1997). 
• Ethylene-oxide capping which is used in the polyol of moulded foams 
to increase the reactivity (due to the primary hydroxyl groups) over 
propylene oxide to allow for low demould times. 
• Organometallic catalysts (DBTL and THORCAT) that are used 
primarily for enhancing the polymerisation reaction of polyurethanes 
(formation ofurethane linkages)(Hepburn 1992). 
Blowing Agents 
Blowing agents are used to promote foaming of polymers and can be classified 
into chemical blowing agents and physical blowing agents. Chemical blowing agents are 
compounds or mixtures that generate gas as a result of chemical reactions with other 
components of the formulation (Klempner 1991). Physical blowing are compounds that 
liberate gases as a result of physical processes such as evaporation or de sorption at 
elevated temperatures or reduced pressures (Eaves 2004). Physical blowing agents are 
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mostly liquids (although some are ill gaseous form) and do not undergo chemical 
changes. 
2.3.4.2 Stabilisers and Emulsifiers 
In cold cure moulded foams the formation of the polyurethane network 
proceeds more rapidly than the carbon dioxide generation through isocyanate-water 
reactions (Harbron et a1. 2001). The rapid polyurethane reaction leads to a relatively 
high intrinsic stability during expansion due to the accompanying viscosity increase. 
To regulate cell structure and to stabilise the surface, stabilisers and emulsifiers are 
used. The stabilisers and emulsifiers are usually water insoluble which contribute to 
closed cells which must be crushed immediately after demoulding to avoid shrinkage 
(Oertel 1994). 
2.4 Foam Moulding Process Parameters 
Processing parameters associated with the one-shot flexible moulded foam 
process (where the components are allowed to react simultaneously) involves material 
preparation, requires metering and uses high-pressure injection mixing, pouring or 
dispensing into a heated mould and requires demoulding. 
2.4.1 Material Preparation 
Material preparation involves temperature control of raw materials and gas 
content. 
2.4.1.1 Raw Material Temperature Control 
Temperature control of the streams of material is important since it will affect the 
balance and relative rates of the blowing and gelation reaction and will therefore affect 
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the openness of the foam structure, foam density and the [mal moulded foam properties 
(Buist and Gudgeon 1968; Eaves 2004). The priority is to accurately control the 
temperature of isocyanate and polyol streams rather than the temperature of additives 
since their volume is small contributing minimal effect on the final mix temperature. 
Depending on the type of isocyanate and polyol the stream temperature ranges from 20°C 
to 30°C with selected catalyst concentrations chosen to obtain a suitable reaction. The 
general rule is that a higher temperature will increase the reaction rate. The lowest 
temperature that allows the formation of polyurethane at an acceptable rate is selected in 
preparing polyurethane with minimal crosslinks. High temperatures will result in 
polyurethane with large number of crosslinks and branching (Buist and Gudgeon 1968). 
Foam density is also affected by the temperature of the materials (Healy 1963). At low 
mould temperature the density range is higher because reaction mixture will react 
more slowly due to lower heat transfer. The carbon dioxide is also more soluble at 
low mould temperatures which leads to smaller and packed cells contributing to high 
density foam (Harbron et al. 2001). 
2.4.1.2 Gas Content 
To ensure the production of consistent foam it is important to start with 
consistent raw materials . Ingredients arriving at the mixing head must be at the right 
temperature and should contain the right amount of dissolved gas. If these two 
parameters vary outside normal range, defects may result (Eaves 2004). 
Dissolved gas is essential for cell nucleation in the mix head. If raw materials 
are too fresh with insufficient dissolved gas, this will inhibit cell nucleation and can 
result in a cell structure that is too coarse (OerteI1994). While raw materials with too 
much dissolved gas can cause the cells to be too fine. 
2.4.2 Metering 
Metering involves control of the volumetric and mass flow rate. A high degree 
of metering accuracy is necessary to obtain uniform quality moulded foam. Foam 
moulding in a production plant primarily involves the use of a metering unit (Figure 
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2.6) to supply chemical components at constant rate and ratio, and at a controlled 
temperature and pressure. Foam part quality depends on the accuracy of metering 
which often relies on the precision of the metering pump (Healy 1963). Polyol, 
isocyanate and additives, stored in a controlled temperature and pressure tank, are 
supplied to the mixing head via the metering unit. 
Figure 2.6: Polyol and isocyanate supplied at a constant rate and ratio, and under 
controlled temperature and pressure (Collins & Aikrnan 2004). 
2.4.3 Mixing 
Mixing ensures the correct stoichiometric ratio of components and mixing 
times (Uhlig 1999). The mixing head (Figure 2.7) is used to mix the components and 
dispense accurate amounts of mixed material into the mould. The chemical 
components are mixed by direct impingement at pressures of 12 Mpa to 20 Mpa in the 
mixing chamber. Key processing parameters have to be controlled to obtain the 
desired mix solution including the residence time in the mixing head and input power 
for mixing (Oertel 1994). Defects on finished parts can result from lead or lag of any 
chemical components of the mixture (Oertel 1994; Randall and Lee 2002) and so 
residue removal from the chamber to prevent mixed materials from foaming and 
clogging is important. The chamber is cleaned automatically after each shot by 
mechanical cleaning pistons without the use of solvents. This is an important feature 
that prevents mixed material from foaming and clogging in the nozzle and supply 
hoses. Upon discharge of foam mixtures from the mixing head, chemistry and physics 
determine the course of events of the foaming mass. 
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Figure 2.7: Accurate weight of mixed material dispensed into mould by a mixing head 
(Randall and Lee 2002). 
2.4.4 Pouring 
The starting viscosity of the reactant mixture, the speed with which the viscosity 
increases and the size and shape of the mould, determine the pour pattern adopted (Healy 
1963). Strip pouring down the centre of the mould slightly twisting the dispensing head is 
the most frequently used. Reciprocated pouring can be adopted for moulds of large size. 
The filling of a mould is an important factor to obtain high-quality parts. Over-filling and 
under-filling need to be avoided. Splashing while filling may result in air-entrapment in 
the form of bubbles (Oertel 1994), adding a nipple to the outlet nozzle can overcome this 
problem. 
2.4.5 Mould Temperature 
Upon dispensing of foam mixture, numerous reactions and physical effects 
occur rapidly and simultaneously in the pre-heated tool (Healy 1963). There is an 
increase in the molecular weight and viscosity as a result of the gelation reactions . 
Also occurring simultaneously is the increase in volume/mass ratio due to foam 
expansion through the generation of blowing gases . The heat from the tool promotes 
the gel formation, blowing and cross-linking reactions. In cold-cure foam moulding 
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the balancing of these sets of reactions is believed to be critical in producing good 
quality parts (Healy 1963). Ideally, the balancing should be such that the foam 
gelation occurs just at the point when the foam has blown to its maximum extent 
(Healy 1963). 
Foams are also cured in heated moulds during the production cycle. The 
production of flexible moulded foam, to achieve an optimum moulded surface, the 
moulds are maintained at a temperature in the range of 30°C to 6SoC (Oertel 1994). 
The mould temperature is also very important and this is linked with the thermal 
sensitivity of the catalyst and the solubility of the blowing gas at a particular 
temperature (Harbron et al. 2001). The optimum mould temperature depends on the 
formulation used and the thermal sensitivity of the catalysed blowing and gelling 
reactions. 
Heating of moulds can be performed either by heated fluids (e.g. H20 or oil) 
in channels, convection hot-air oven, radiant heating or microwave radiation. Small 
plants (up to 20 units approximately) usually condition the moulds with independent 
heating units while big plants producing a high number of moulded flexible foam 
parts such as cushions for the car industry normally implement a hot-air oven for 
mould heating (Buist 1978). 
2.4.6 Demoulding and Mould Release 
Polyurethanes are adhesive in nature and tend to stick to most materials used 
to make permanent foam moulding tools such as aluminium, steel, stainless steel and 
other metals. Only certain materials used to make temporary moulds such as RTV 
silicone rubber, Teflon, Mylar and Polyethylene might not require the use of a release 
agent (Doyle 1971). 
Good mould release is required in order to easily and quickly remove foam 
parts without peeling and tearing during demoulding. The choice of a particular 
release agent depends upon mould material and formulation of the foaming material. 
Foam surface or skin formation depends to some extent upon the particular mould 
release agent used. A formulation which will give a perfectly smooth, dense skin with 
one mould release agent may give an undesirable skin appearance with another mould 
release agent (Doyle 1971). Developments in release agents have resulted in an array 
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of formulations which can be sprayed onto moulds allowing excellent release for 
many cycles. Release agent application can be performed either manually or by robots 
with a programmed pattern for each mould (Figure 2.8). 
Figure 2.8: As mould moving on a carousel opens an operator manually sprays 
release agent onto the mould surfaces. 
2.5 Foam Moulding Process Technology 
2.5.1 Types of Flexible PU Foam Moulding Process 
Flexible PU foam moulding processes fall into two distinct categories known 
as hot-cure foam moulding and cold-cure foam moulding, each varying slightly in 
processing conditions, chemical composition and properties (Schneider et al. 1991). 
Table 2.1 below shows the typical physical and mechanical properties of moulded 
foams (Uhlig 1999; Doyle 1971). The majority of flexible PU moulded foams are 
made using the cold-cure process, which operates at a mould temperature of 30°C to 
60°C. 
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DIN DIN 53577 DIN 53572 DIN DIN 53571 
Flexible 53420 Compressive Compression 53571 Elongation at 
Moulded Density Strength (kPa) set (%) Tensile break (%) 
Foam (Kg/m3) Strength 
(kPa) 
Hot-cure I 33 4.0 4 90 190 
(TDI 80) 
Hot-cure II 33 4.7 5 112 190 
(TDI 65) 
Cold-cure I 38 3.3 4 110 125 
(TDI) 
Cold-cure II 37 4.0 6 150 150 
(TDIIMDI 
mix) 
Cold-cure III 44 5.6 5 152 150 
(MDI) 
Table 2.1: Mechanical properties of flexible moulded foams (Uhlig 1999; Doyle 
1971). 
2.5.1.1 Hot-cure Flexible PU Foam Moulding 
Established in the early 1970's, hot-curing foam technology is the oldest 
flexible PU foam moulding process. At that time monofluorotrichloromethane (CFC-
11) was used in combination with CO2 as a blowing agent to achieve the desired light 
and soft foam qualities (Schneider et al. 1991). The global ban on the usage of CFC-
11 gravely affected the usage of this process especially in Europe and North America. 
Today there are a few variations of the hot-cure processes that are CFC-free (Nishioka 
et al. 1991 ; Nagata et al. 1993). In Asia, especially Japan and other east-Asian 
countries, 60% of automobile seats are still manufactured by the hot-cure moulding 
process (Nagata et al. 1993). The key property of hot-moulded foam is lower 
compression set values even under humid conditions (Hasegawa et al. 1993). 
Hot-cure foam moulding is also referred to as hot-moulded foam. The 
manufacturing process of hot-cure foam is governed by the requirement for 
subsequent heating while still in the mould to completely cure the foam (Knibbe 
1985). The moulds are designed to withstand temperatures up to 250°C without 
distortion or wear. Thin sheet or plates are preferred to conventional solid cast and 
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machined moulds for better heat transfer. Sheet from good heat conducting materials 
such as cast aluminium plates (6 mm - 10 mm), aluminium sheet (4 mm - 6 mm) or 
black steel sheet (1.5 mm - 2 mm) are selected for mould construction (Oertel 1994). 
The hot-moulded foam process is a low-pressure process requiring a lot of 
venting through the mould lid to avoid pressure build-up which leads to closed cells and 
the formation of internal splits inside the moulded part (Knibbe 1985; Oertel 1994). In 
practice, the moulds are furnished with numerous vent holes in the lid through which the 
surplus foam can easily extrude. The arrangement of vent holes is established empirically. 
Foam shrinkage of about 1 % has to be taken into consideration when dimensioning the 
moulds. 
An example layout of a hot-cure moulding line is shown in Figure 2.9. The 
process steps that are involved in the production of hot moulded foam (Woods 1982) 
are: 
1- Fill the open mould with a predetermined quantity of foam reaction mixture. 
2- Close the mould. 
3- Pass into the curing oven - mould heated to 100 °C - 120°C for 10 - 15 minutes. 
4- Remove flash from vent holes (air blast or brush). 
5- Open mould and demould part, clean mould. 
6- Apply release agent. 
7- Cool the mould uniformly to a filling temperature of 37 ± 2°C. 
8- Fit mould inserts. 
9- Dispense foam reaction mix. 
Filling Insert and 
station inspection - Inspection and 
Mould closure position r-------f Wax cleaning 
OODDDI~n~~ning 1~~DDA spray V fi;l .« '--- . ODemoutd Infra-(red heaters.. A (jfused> > 7' V o Moul~ 
_________________ ---' opening Main curing oven ot 180 to 230·C 
Figure 2.9 : Layout of flexible foam hot-moulding plant (Woods 1982). 
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Depending on the curing oven temperature, demoulding time, mould cleaning 
time and the chemical system adopted, the cycle-time for hot-cure moulding is 
normally between 20-40 minutes (Buist 1978; Woods 1982). Current production of 
hot-curing foam in almost all plants use TDI 80120 isocyanate (Woods 1982; 
Schneider et al. 1991). 
2.5.1.2 Cold-cure Flexible PU Foam Moulding 
Since the early 70's, cold-cure foam has been increasingly accepted as a 
superior material to hot cure foam in automotive seating with its low-density and 
high-resilience properties (Campbell and Couch 1974; Terry 1976). Cold-cure foam is 
also popularly known as cold-moulded high-resilience foam, or in short, high-
resilience (HR) foam. 
Cold-cure foam reqUIres lower processmg temperatures and shorter cure 
cycles than hot-cure foam (refer Table 2.2) and results in tremendous cost savings 
(Woods 1982). The application of cold-cure foam in automotive seating provides 
benefits for both the consumer and manufacturer with its ease of production, cost 
effectiveness, design freedom and soft ' latex-like' feel at low deformations while still 
providing good support at higher deformation (Koshute 1993). 
Cycle time Line Speed Output Energy 
(min) (ft/min) ( cushions/h) (MJ/cushion) 
Hot-cure 22-40 20 200 46.0 
Typical Cold-cure (CC) 17 26 257 22.0 
Rapid demould CC 10.5 42 411 9.5 
Table 2.2 : Comparison between hot-cure and cold-cure cycle time (Woods 1982). 
Cold-cure foams can be either based on a blend ofTDIIMDI, crude TDI or all-
MDI (Thoen et al. 1991 ; Casati et al. 1998), all of which have slightly different 
properties and processing temperatures. The differences observed between TDI-foams 
and MDI-foams showed that the new all-MDI foams have a very high resilience 
(Vorsphol et al. 1994) providing a broadened range of properties allowing for a 
variety of applications and specifications. The differences between the seating 
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cushion cold-cure foams specifications between major car manufacturers can be seen 
in Table 2.3 below. 
Property Ford G.MlOpel AudiNW 
Front Seat Rear Seat 
Core density (kg/mJ) 45 (m in) 45-50 50 34 (min) 
Compression set (50%)(%) 10 (max) 10 (max) 8 (max) 8 (max) 
Tensile strength (kN/mL) 120 (min) 130 (min) 120 (min) 100 (min) 
Elongation at break (%) 130 (min) 150 (min) 130 (min) 130 (min) 
Indentation Hardness at 40% (N) 210±20 215±15 320±20 300±20 
Hardness Loss (%) 25 (max) 35 (max) - -
Height Loss (%) 5 max. - 5 (max) 5 (max) 
Table 2.3: General Cold-cure foam specification for automotive applications (Woods 
1982). 
Cold-cure foam is also widely used in today's cars as vibration and noise 
insulators (Figure 2.10), since excessive noise has both comfort and safety 
implications. Noise transmitted directly through the front bulkhead and floor-pan can 
be reduced with a precisely fitted cold-cure foam mat (Woods 1982). 
Figure 2.10: Various vibration and noise insulators (Collins & Aikman 2004). 
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2.5.2 Cold-cure Flexible PU Foam Moulding Process 
The process steps that are involved in the production of cold-cure foam, which 
can be followed together with Figure 2.11 , are shown below: 
1- Inserts are placed into mould (either wire-frame, wire-mesh or the like) as 
required. 
2- Polyol, isocyanate and additives (at maintained temperature) poured into open 
mould (held at uniform temperature). 
3- Filled mould is closed or clamped. 
4- Rising and extrusion of foam occurs. 
5- Heating device held at constant temperature for curing (Refer Section 2.5.3). 
6- Mould is opened. 
7 - Moulded part is removed. 
8- Cleaning and removal of residual foam if any. 
9- Spraying of mould release wax. 
T ... Heating de'Jlce 
6 Open 8Cleaning 1 Inserts 3 Close 
7 Demold 9 Mold release 2 Fill 
.... Working zone .. 
4 
Figure 2.11 : Layout of cold-cure foam moulding carousel (Bayer 1984). 
Most foam moulding manufacturers adopt the conventional oval track carousel 
as shown in Figure 2.11 above, either with a convection oven or with moving heating 
units. The typical cold-cure system cycle time is about 17 minutes, while the rapid 
demould cold-cure systems have a shorter cycle time of about 10 minutes (Woods 
1982). 
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Initially cold-cure flexible PU foam moulding involved foaming and curing at 
room temperature. However, various developments in both raw materials and 
processing technology have lead to a variation of cold-cure process conditions. eold-
moulded foams offer the advantages of lower processing temperatures and shorter 
cure cycles compared with the hot cure process. Due to its low processing 
temperatures and mould heat loss to the environment, cold-cure systems require no 
provision for mould cooling (Woods 1982; Bayer 1984). 
2.5.3 Cold-cure Foam Mould Temperatures 
Buist (1978) suggests a mould temperature of between 400e - 4Soe for 
MDIITDI blended in the ratio 20/80 and a mould temperature between sooe - 600e 
for some other formulation. Woods (1982) indicated a mould temperature range 
between sooe - 700e would be suitable for high-resilience cold-cure foam. Oertel 
(1994) proposed that mould temperatures are maintained between 300e - 6Soe to 
achieve an optimum moulded surface for cold-cure foam. 
In the production plant where the experiment was conducted the mould 
temperature selected ranged between 300e - 800e depending on the type and amount 
of additives used, water content, foam flow required and the mould size, (Rankin 
2006). 
Big plants producing a high number of cushions or seats for the automotive 
industry normally have an oven for mould conditioning. Most medium scale 
production lines opt for an independent heating unit to permit different temperatures 
for each mould within the same plant. Although aluminium and steel are preferred for 
making moulds there have been cases where fibreglass and epoxy-resin have been 
used (Buist and Gudgeon 1968). A linear contraction of 2% has to be taken into 
account when designing moulds for cold-cure. 
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2.5.4 Types of Cold-cure Moulds 
Depending on the size and number of the foam parts to be produced, the 
mould can either be a bench-type, floor-type or a series of moulds mounted on a 
carousel. Small sized parts are usually produced in bench-type moulds (Figure 2.12), 
while larger parts are produced in floor-type moulds. 
Figure 2.12 : Bench-type moulds for manufacturing small-sized foam parts. 
Parts required in high volumes are produced in moulds placed on an oval track 
moving carousel. A cam-action top-lid rail achieves opening and closing of moulds, 
for pouring polyurethanes into the open moulds during mould filling and removal of 
foam parts. Dispensing of polyurethane into moulds is mainly performed manually 
but improvements in automation have allowed automatic dispensing or injection of 
polyurethanes using industrial robots (Figure 2.l3). 
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Individual heating unit 
for each mould 
injecting 
polyurethane 
into mould 
Figure 2.13: Robotic arm and heating unit used in foam moulding tool moving on a 
carousel. 
2.6 Properties of Moulded Foam 
Density, hardness, tensile strength and compresslqn set are among the 
prominent properties of moulded foam. The applied test methods used for 
determination of characteristic values are laid down by various national standards 
such as DIN (Deutsches Institut fur Normung) or ASTM (American Society for 
Testing and Materials) . Depending on applications, other foam properties considered 
can be surface quality, airflow properties, flexural fatigue, flammability, solvent 
resistance and humidity aging (Doyle 1971). 
Emphasised properties can be achieved by means of formulation optimisation 
(Oertel 1994). Some properties can be controlled to be within the desired limit, while 
other properties may deteriorate. It is quite difficult to formulate all properties 
requirements into a given foam and still hold within the desired tolerances . Most 
often, the formulator can give the end-user a close tolerance on a few of the most 
important properties, and reasonably close proximities on others. After these, it is 
often difficult to even come close to meeting the remaining requirements as to 
properties desired. For this reason, it is important that the end-user considers carefully 
the most stringent requirements, and stipulates the required properties of importance 
(Doyle 1971). 
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2.6.1 Density 
In flexible foams, density is usually determined fIrst preceding all other 
properties since most physical properties of flexible foams are proportional to the foam 
density (Landrock 1995). Foam density is a structural property defIned as mass per unit 
volume, of which over 90% of that volume consists of air. The weight to volume ratio is 
expressed in kglm3 (Randall & Lee 2002). The entire volume of the foam specimen is 
used for calculation to determine the foam density and not only the volume that is fIlled 
with the foam material (OerteI1994). For example, polyurethane foam with a density of 
25 kglm3, only 2% of the entire volume of the test specimen is occupied with foam 
material while the rest is fIlled with air (for open cells foam). 
A number of physical properties of PU foam are determined largely through 
the foam density. Examples are the compression load deflection and indentation load 
deflection values. Therefore, at all times, the fIrst physical property to be determined is 
foam density. The density is often essential for discussion of the other properties of foam. 
Density is important for load-bearing and economic reasons because it measures how 
much of a foam is polymer and how much is air (Randall and Lee 2002; Eaves 2004). 
For moulded flexible foam the most constant possible density is strived for. 
Therefore, the knowledge of the density gradient over the entire product is of special 
interest for large volume semi-fInished goods and moulded parts (OerteI1994). It is often 
determined for characterisation of the influence of the flow path and reaction conditions. 
Diagrams which show the density gradient through a foamed part provides the process 
chemist or engineer with valuable evidence for optimisation of formulation, design and 
filling technique (OerteI1994). 
2.6.2 Hardness 
Hardness is the load-bearing property of flexible foams that can be measured 
by compression force deflection test or by indentation force deflection (Randall and 
Lee 2002). In applications such as automotive seating, foam hardness must be 
controlled within tight limits to determine the driver position in relation to view of the 
road through the windscreen and mirrors. In compression force deflection test, a cubic 
shaped test specimen is placed between two plates. The sample is then slowly pre-
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compressed three times to 70% and allowed to recover. During the fourth 
compression cycle the thickness corresponding to 40% compression is held for 30 
seconds before the load is recorded. The result is divided by the compression area 
and expressed as compression force deflection (CFD) at 40% in kPa. The 
compression stress at 40% is frequently used as a characteristic value (Oertel 1994). 
Hardness and density are closely related and depend on water content of the 
formulation. 
2.6.3 Tensile Strength 
Flexible polyurethane foams are often subjected to tensile stresses during 
further processing and also during their practical application (Oertel 1994; Randall 
and Lee 2002). The highest stress value which occurs in the stress-strain diagram is 
the tensile strength, with polyurethane foam this is usually identical with the breaking 
strength (OerteI1994). 
2.6.4 Compression Set 
Compression set is a more meaningful value to judge durability of the foam. 
Compression set is determined by the residual deformation after a constant 
deformation over a set time interval and constant temperature (Oertel 1994). In most 
applications of moulded foam a permanent deformation between two to eight percent 
is acceptable while a permanent deformation of more than 10% are rejected (Oertel 
1994). Compression sets increase drastically in flexible moulded foams at a 
temperature higher than 70°C. A significant improvement of heat stability is possible 
through chemical cross-linking however this results in lowering of other mechanical 
properties (Oerte11994). 
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2.6.5 Surface Quality 
Other than the above-mentioned properties, the formation of a skin zone is 
also essential to the properties and application of a moulded foam part (OerteI1994). 
In most applications a smooth and thin surface layer, which is permeable to gas, is 
required. In applications such as foam cushions, the surface is exposed to rubbing 
stresses, even if the cushion is covered. The moulded skin affords protection against 
abrasion and degradation of the foam surface (OerteI1994). 
2.6.6 Airflow Properties 
Airflow properties depend largely on foam porosity is one of the most basic 
properties of open-cell foam. Airflow provides comfort because air movement 
through the foam assists in dissipating heat and humidity from the body surface. 
Several methods are available to quantify measures of airflow velocity and pressure 
drop through foam samples such as ISO 7231 and ISO 4638 (Randall and Lee 2002). 
2.7 Component Defects and Failure Modes 
2.7.1 Loose Skin 
Possible causes of loose skin include adhesion of the skin to the mould when 
the adhesion between the skin and mould is greater than the cohesion of the skin to 
foam body. This can be overcome by increasing the amine catalyst and/or increase 
the isocyanate concentration while in some cases it might be overcome by increasing 
the mould temperature (Healy 1963). 
2.7.2 Foam Shrinkage 
Foam shrinkage can be due to either incorrect mixer speed (either too fast or 
too slow) or gel rate being too fast compared to the foaming rate (Healy 1963). 
Among the suggested remedies are adjusting mixer speed and hold-up time, reducing 
tin catalyst and/or increasing amine or reducing foaming temperature. 
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2.7.3 Foam Collapse 
Partial or total foam collapse can be due to either the foaming reaction (C02 
gas-generation) being too fast, or the gelling catalyst having a deficient surface-active 
agent (Healy 1963). If the gas-generation rate is too fast the amount of amine catalyst 
needs to be reduced or reduce excess heat or chemical. If gelling catalyst not active 
check contamination of tin-catalyst by water or amines. Tin-catalyst has poor 
hydrolytic and should be kept free of water and amines. Ideally, all materials should 
be fed in separate streams to avoid contamination. 
2.7.4 Coarse Cells 
Coarse cells can be due to the gas generation rate (foaming reactions releasing 
C02) being greater than gel rate (gel formation reaction), or a deficiency in quality or 
quantity of surface-active agent, or insufficient shear in the mixer (low energy input) 
(Healy 1963; OerteI1994). This can be overcome by decreasing temperature and/or 
concentration of blowing agent used, amine catalyst or water (Healy 1963). 
Deficiency in quality or quantity of surface-active agent should be overcome by 
varying the surfactant concentration to obtain desired cell size (Oertel 1994). 
Insufficient shear in mixer can be overcome by increasing mixer speed, decrease 
throughput or decrease discharge orifice size. 
2.7.5 Blow Holes 
Blow holes can be due to either air trapped during stream laydown, gelation 
being fast, poor pour pattern or temperature of the blowing agent too high. Reducing 
height between mixing head and mould can prevent air trapped during stream 
laydown, reducing the concentration of tin catalyst can reduce the gelation rate, 
proper distribution technique such as tilting the mixing head slightly forward and 
backward can reduce blow holes due to poor pour pattern and reducing the blowing 
agent component temperature will prevent premature volatilisation and reduction of 
vapour pressure (Healy 1963). 
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2.7.6 Flashes and Pressure Relief Voids 
Defects such as flash and pressure relief voids can occur if breathing occurs or 
if the foam extrudes from the mould during the foam moulding process (OerteI1994). 
Cold cure moulds requires strong clamping and should be constructed to withstand 
pressures up to 2 bar. The mould should be tight over the entire parting line to avoid 
breathing (pressure escape from the mould). 
2.7.7 Void Formation 
To obtain a regular, fine cell structure and to prevent void formation, the raw 
material must be ensured to contain the correct amount of suspended gas required to 
nucleate cell formation (Oertel 1994). Large closed cells are formed if too little 
nucleation occurs while cells that are too small are formed if too much nucleation 
takes place. 
2.7.8 Pour Pattern 
In order to obtain a defect-free moulded part surface, the foam mixture must be 
dispensed as smoothly and laminarly as possible to avoid pour pattern voids (Oertel 
1994). Visible pour patterns can occur due to splashing, erratic lay down, dirty mould or 
blowing agent temperature being too high (Healy 1963). If a visible pour pattern is due to 
splashing or erratic laydown, this can be overcome by decreasing the drop distance 
between mixer and mould either by lowering the mixer or adding a discharge nipple. 
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2.8 Discussion 
As presented in this chapter, in the production of moulded foams, required . 
properties may be achieved by the choice of raw material, variation of recipes and 
processing conditions. Density, hardness, tensile strength, surface quality and various 
properties can be varied accordingly in a wide range to meet specific applications and the 
required specifications. Each parameter has an influence on the final properties of the 
foam and is presented in Figure 2.14. 
Choice of raw material 
• Type of polyol 
• Type of 
Isocyanate 
• Type of 
additives 
Parameter for PU 
properties 
I 
Variation of recipes 
• Ratio of polyol 
and isocyanate 
• Amountof 
additives 
• Amountof 
water 
Processing conditions 
• Material 
temperature 
• Gas content 
• Metering 
• Mixing 
• Mould 
temperature 
• Mould release 
• Pouring / 
Injection 
Figure 2.14: Parameter tree of variables influencing moulded foam properties. 
Polyurethane producers are continuously facing new challenges such as needs 
to improve part quality, reduce cycle time and satisfy new application areas requiring 
stringent requirements relating to their properties. The responses to these 
requirements are met mostly by material and formulation improvements rather than 
processing conditions. While a large amount of active and past research has focused 
on material developments, chemical composition and chemical reactions, none has 
focussed on the effect of mould temperature on foam surface texture and foam 
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density. No documented evidence on the effect of mould temperature on foam density 
and surface texture was found during literature review. 
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Conformal and Non-conformal Mould 
Heating and Cooling Channels 
3.1 Introduction to Mould Heating and Cooling Channels 
In the design of moulds, especially plastic injection moulds, heating and 
cooling channels are mostly limited to straight channels and almost always receive the 
last priority in overall tool design resulting in ineffective mould temperature control 
(REPS 2002). It is often not possible to place heating and cooling channels directly 
within the mould inserts and so they are placed in the bolsters or support blocks. 
These channels are usually made up of holes drilled through the base and plugged at 
strategic locations to create an internal loop for coolant flow. Cooling channels are 
critical in removing heat from injected plastics and thus avoiding heat build-up in 
plastic injection mould tools. Heating channels are critical in providing uniform heat 
in foam moulded parts. 
Temperature gradients arise whenever a series of straight connected heating 
and cooling channels are used due to the varying distance between channels and the 
mould surface (Figure 3.1) (REPS 2003). 
-44-
Temperature gradient, tl > 12 > t3 
due to varying distance, Xl < X2 < X3 
MOllid:~~ 
ro 
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Heating channels 
Figure 3.1: Temperature gradient across mould with straight channels (REPS 2003). 
In plastic injection moulds, temperature gradients will affect the plastic parts 
cooling rate and make it necessary to wait for the hottest part to cool before ejection 
thus increasing the cycle time. 
Proper design of heating and cooling lines is also very important to obtain a 
uniform temperature distribution so as to minimize residual stress and warping of 
moulded parts (Zhou et al. 2002). Uneven cavity temperatures result in parts with 
moulded-in stresses, warped sections, sink-marks, poor surface appearance, and 
varying part dimensions from cycle-to-cycle and even from cavity-to-cavity (Schmidt 
et al. 2000). 
3.2 Conformal Channels and Non-conformal Channels 
A conformal channel is one that can bend round corners and conform to a tool 
surface - this offers specific advantages over conventional straight-line channels 
(Figure 3.2a and Figure 3.2b). A non-conformal channel is one with channels 
designed close to the mould surface at certain section of the mould while at another 
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section of the mould the channels are purposely design further away from the mould 
surface to impose a large thermal gradient across the tool (Figure 3.2c). 
Conventional channels are usually limited to straight heating and cooling 
channels with varying distance between moulded part surfaces and channels. 
Depending on the depth of particular mould cavities, there will be mould surfaces that 
are closer to the channels than others (Figure 3.2a). This will probably result in less 
effective mould temperature control and uneven mould temperature. The ability to 
design and fabricate a heating and cooling channel that conforms closely to the 
contours of the moulded part surface will result in a more efficient system (Figure 
3.2b). 
The field of study on conformal channels has been largely focused on plastic 
injection moulding tools. Practical experiments and modelling work have been 
performed by various research institutes to evaluate and quantify the benefits of 
con formal channels for injection moulding tools. 
Heating 
fluid 
or 
coolant 
flow 
Straight heating and cooling channel 
Moulded 
part 
Figure 3.2a: Varying distance between channels and mould part surfaces. 
Heating 
fluid 
or 
coolant 
flow 
Moulded 
Conformal 
channel 
Figure 3.2b: More uniform distance between channels and mould part surfaces. 
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",.----1=----....: ~ __ ..... ~~--~o:r_ conformal or 
coolant 
flow 
channel 
Figure 3.2c: Large temperature variation imposed in non-conformal channels with 
varying distance between channels and mould part surfaces. 
Hopkinson and Dickens (Hopkinson and Dickens 2000b), Janczyk et al. 
(Janczyk et al. 1997), Xu et al. (Xu et al. 1999; XU et al. 2001), and Sachs et al. 
(Sachs et al. 2000) have used direct rapid tooling processes to fabricate moulding 
tools incorporating conformal channels. Since direct rapid tooling applies layer-by-
layer manufacturing techniques, internal cooling channels that conform closely to the 
mould cavity can be easily achieved. 
Conformal cooling has demonstrated significantly improved performance in 
production rate and part quality as measured against conventional cooling when using 
three-dimensional printing to produce tools (Sachs et al. 1997; Sachs et al. 2000). 
Dalgamo (Dalgarno 2000) conducted case studies comparing cycle times between 
conventional tooling and conformally cooled tooling for both elastomer compound 
transfer moulding and plastic injection moulding. Results showed significant cycle-
time savings through the application of conformal heating in elastomer compound 
transfer moulding and conformal cooling in plastic injection moulds (Table 3.1). 
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Elastomer 
compound 
transfer 
mouldin 
Case Stud 
Plastic 
injection 
moulding. 
Plastic 
injection 
moulding. 
Conventional Toolin 25 minutes 26.0 seconds 46.0 seconds 
Conformal Toolin 10 minutes 15.6 seconds 36.0 seconds 
Table 3.1: Cycle times achieved in tooling trials (Dalgamo 2000). 
Conformal channels of different cross-sectional shapes and sizes were tested 
for manufacturability (Hopkinson and Dickens 2000b) using the EOS Direct Metal 
Laser Sintering (DMLS) process and the DTM Rapid Steel Process (Figure 3.3). 
Conformal channels have some restrictions on their geometry due to delamination and 
crack propagation at sharp corners. 
Figure 3.3: DTM Rapid Steel 2 test part with various shapes of conformal channels 
(Hopkinson and Dickens 2000). 
Janczyk et al. (Janczyk et al. 1997) demonstrated the effect of cooling channel 
geometry on epoxy rapid tool inserts used for the short-run production of prototype 
parts (Figure 3.4). The combination of distance between the cooling lines and the 
mould cavity surface and unconventional cooling channels that incorporate turbulence 
inducing features had a huge effect on cooling. A temperature decrease of up to 77°C 
compared to uncooled inserts was recorded. 
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Figure 3.4: Non-cooled insert (left) and marquee channel insert (right) (Janczyk et al. 
1997). 
Using a different rapid tooling approach, XU et al. (Xu et al. 1999; XU et al. 
2001) used the three-dimensional printing (3DP) process to fabricate injection 
moulding tools with conformal cooling channels. In their research, a modular 
approach to the design of conformal cooling channels was adopted. The tool was 
divided into geometric regions and a channel system was designed for each region 
based on their proposed design rules. The rules were designed for conformal cooling 
conditions, coolant pressure drop, coolant temperature uniformity, sufficient part 
cooling, uniform cooling and mould strength. The 3D tools with conformal channels 
demonstrated significant improvements in removing heat as shown in Figure 3.5 
below. 
Design of Coriforma1 CooUng Channels 
W~----------------, ~ 
TIme (sec) 
Straight 
cooling 
channel 
Confonnal 
cooling 
channel 
Figure 3.5: Comparison of mould surface temperature between straight cooling and 
conformal cooling channel (Xu et al. 2001). 
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Similarly Schmidt (Schmidt et al. 2000) used the 3DP process to implement 
conformal cooling channels in an injection moulding tool. Experiments were 
conducted to evaluate and quantify the benefits of conformal cooling channels. A 
comparative study between a conventional cooled P-20 mould insert and a 
conformally cooled 3DP mould insert was executed. Results indicated that conformal 
cooling in the 3DP mould insert managed to reduce cooling time, cycle time and 
dimensional shrinkage. 
Sun et al. (Sun et al. 2002) proposed a V-shaped milled groove cooling system 
for large and complex moulded parts. Deep circular, rectangular or spiral grooves 
channel were machined with a ball-nose tool into the rear face of the core insert to get 
close to the cavity core surface and be conformal to the mould cavity (Figure 3.6). 
'U' -shape milled 
Figure 3.6: V-shape milled groove at rear of insert (Sun et al. 2002). 
An o-ring was used to encompass the groove and prevent leakage when fitted 
with the bolster block. Inlet and outlet holes had to be machined into the bolster 
block. Although this system was capable of reducing mould temperature when 
compared with straight cooling channels this could probably have been due to its 
higher coolant flow-rate. 
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3.3 Conformal Channels and Non-conformal Channels in 
Polyurethane Foam Moulding 
Most of the research discussed in the previous sections focus on conformal 
cooling channels for plastics injection moulding. In polyurethane foam moulding, 
especially in cold-cure foam moulding, heating channels instead of cooling channels 
are critical in ensuring a uniform heat distribution through-out the mould. Provisions 
for mould cooling are not necessary (Bayer 1984). Uniform temperature should be 
achieved throughout the mould since uneven temperatures produce a variable foam 
flow and encourage foam collapse (Healy 1963). 
Currently moulds are regulated with either hot water or hot oil from a heater 
set to the required temperature. Heating channels are located at the bolster base of the 
lower mould half and at the top of the upper mould (Figure 3.7). 
Heating channel pipe 
circulating hot water 
Figure 3.7: PU foam mould heating channels. 
Variation in mould temperature is suspected to affect the foam part quality 
contributing to collapse of foam parts, poor surface appearance and varying part 
dimension due to varying shrinkage (Buist 1978; Bayer 1984). To achieve a uniform 
mould temperature through-out the mould, implementing conformal channels (as 
adopted in plastic injection moulds) is envisaged to be a solution for polyurethane 
foam moulding tools . 
Although uncontrolled variation in mould temperature might have a negative 
effect, a controlled variation might be utilised to manipulate foam properties at 
various sections of the foam part. Variations in mould temperature could be imposed 
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at various sections of the mould to vary the foam flow and curing rate. Varying the 
foam flow could also allow better foam to flow into thin sections which has always 
been a problem in production of thin foam parts. Imposing a controlled variation in 
mould temperature could be achieved by implementing a non-conformal heating 
channels in the foam tool. 
Experimental work was performed at an industrial site to investigate if there 
exists any temperature variations in small and large flexible PU foam tools and 
inspect on any effects resulting from tool temperature variations. This will be reported 
later in Chapter 4. 
3.4 Laminated Tooling 
As discussed in the previous section, there are a few methods or techniques 
currently under active research to design and implement conformal channel and non-
conformal channel systems. This section will focus on the laminated tooling 
approach which is generally suited to the production of large tools. Research work in 
laminate tooling has shown capabilities of allowing the manufacture of internal 
geometries such as complex heating passages with non-circular cross-sections, which 
can be designed to be conformal or non-conformal to the moulding cavity. 
Conformal passages created with laminate tooling provide the ability to 
distribute more uniform temperature distribution throughout the mould cavity for 
every cycle in plastic injection mould tool. Such temperature control has the potential 
for increasing overall part quality and thereby reducing scrap (Healy 1963; Bruins 
1969) if applied in a polyurethane foam moulding tool. 
Alternatively, laminate tooling also provide the ability to create non-conformal 
passages in order to impose large temperature variation across the mould. Such 
temperature control has the potential for varying foam flow and varying curing rate at 
different sections of the mould which could vary the foam property at various section. 
Conventional tools for polyurethane foam moulding are made through the 
processes of pattern fabrication, metal casting and machining, which results in a long 
lead-time. The need to produce tooling quickly to shorten lead-time is made possible 
with advancements achieved in rapid prototyping (RP). One research trend is to apply 
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the technology acquired in rapid prototyping to the manufacture of tools capable of 
withstanding the actual production process and is known as rapid tooling (RT). The 
reasons for this extension to tooling are found in the need to further reduce the time-
to-market by shortening not only the development phase, but also the industrialisation 
phase of the manufacturing process (Karapatis et al. 1998). 
Rather than using rapid prototyping models to build production capable 
tooling, it is possible to make tooling directly using laminating techniques (Himmer et 
al. 1998). Laminated tools rely on RP technologies such as sliced CAD data, fast 
material processing times and innovative joining methods (Bryden and Pashby 2001). 
Sliced CAD data from a CAD model are converted to generate CNC toolpaths for 
either laser-cutting or other cutting techniques. 
Although a large proportion of research work adopted laser-cutting to cut 
metal sheets, Glozer and Brevick (Glozer and Brevick 1993) utilised a 4-axis CNC 
wire-cut while Walczyk (Walczyk 2002) used a 5-axis CNC Abrasive water-jet 
cutting system. Delebecque (Delebecque 1999) used 2.5 axis high speed micro 
milling and 5 axis high speed laser machining to cut sheet material for their 
Stratoconception® laminate tooling (Figure 3.8a and Figure 3.8b). Laminated tools are 
manufactured by adding layers of sheet metal and then fixing them together (Y okoi et 
al. 1984; Vouzelaud and Bagchi 1992). 
Figure 3.8a: Micro-milling. 
Work on laminated tool actually started in early 1980 by Nakagawa in Japan 
for making blanking tools and dies (Figure 3.9). Soon, almost all the components of a 
blanking tool (die, stripper and shoes) were made of laminated thin sheet cut by laser 
machining (Yokoi et al. 1984). 
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Figure 3.9: Laminated punch and die for blanking tool. 
Various types of blanking tool such as knock -out type, drop-through type and 
progressive die were successfully constructed use thin laminates. Later, deep drawing 
tools were designed and fabricated using similar techniques (Nakagawa 1985). 
Although much success has been made in manufacturing blanking tools the same 
cannot be said for forming tools. Among the main problems faced in producing a 
working laminated tool are sheet thickness tolerance, tool distortion, shut-off faces, 
bonding of sheets, and leakage (Dickens 1997; Dickens and Simon 2000). Fixing 
islands within a tool cavity is another difficult task to achieve without producing 
witness marks on products, unless rivets are used to fix metal sheets together (Figure 
3.10) (Dickens and Simon 2000). 
Metal sheets Rivets 
Figure 3.10: Fixing of sheets with rivets around the periphery and on islands (Dickens 
and Simon 2000). 
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Dickens and Simon (Dickens and Simon 2000) used aluminium sheets of one 
millimetre thickness to produce a mould for moulding polyurethane parts for side 
impact cushions in car doors. The objective of the project was to determine costs and 
lead-times compared to conventional techniques. Although the cost for laminated 
tooling was about the same cost as CNC machining, the lead-time for laminated tool 
was longer than machined tooling. Two areas foreseen in the future would be to lower 
cycle times due to more efficient cooling by implementing conformal channels and 
ease of tool modifications when necessary. 
Although most research in laminated tooling uses thin metal sheet, Wa1cyzk 
(Wa1czyk 2002) fabricated tools with thick-layer metal plates in his Profiled Edge 
Lamination (PEL) process. Tooling for deep thermoforming moulds, used to 
thermoform a polypropylene chamber used for underground wastewater storage was 
created by the PEL process (Figure 3.11). Conventional CNC machining was used 
instead of a laser to cut the thick laminates. This technique had advantages in no 
restrictions on tool size, variable choice of tool materials and reduced shrinkage or 
geometrical distortion. 
Figure 3.11 : Profiled Edge Lamination (PEL) tooling (Walczyk 2002). 
Various techniques have been adapted to join laminates together such as 
diffusion bonding (Bryden and Pashby 1999), while Dickens (Dickens 1997), 
Wa1czyk (Wa1czyk and Dolar 1997) and Newlyn et al. (Newlyn et al. 2002) used 
mechanical joining. Bryden and Pashby (Bryden and Pashby 2001) used hot iron 
brazing to permanently join the laminates together sequentially as they were cut. 
Velnom (Velnom 2002) applied a combination of gluing and brazing between thick 
laminates using thin pockets machined by micro milling on the plate surface to 
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contain the glue (Figure 3.12). Laminate tools offer a better-engineered solution 
through allowing better tool thermal management via conformal cooling or heating . 
•• 
Bottom laminate 
Figure 3.12: Laminates bonded with glue in the thin pockets (Velnom 2002). 
3.5 Research Motivation and Novelty 
The motivation for this research arose from the interest in investigating and 
understanding the effect of mould temperature on a polyurethane foam part and the 
quest to control and improve the foaming process. This research work set about 
understanding the process through a manufacturing focus rather than chemical 
approach. A unique approach was adopted in analysing flexible polyurethane foam 
(using a 3D Laser scanner and a eT scanner) to analyse and quantify the effect of 
mould temperature on polyurethane foam part properties. 
3.6 Scope of this Research 
3.6.1 Aims and Objective 
The aim of this research was to investigate, analyse and quantify the effect of 
mould temperature on flexible polyurethane foam physical properties (surface texture 
and density) and cell size prior to implementing a conformal heating channel and/or a 
non-conformal heating channel system in a polyurethane foam moulding tool. 
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A uniform tool temperature was envisaged to provide uniform foam density 
and good surface texture at certain mould temperature. A large variation in mould 
temperature was envisaged to have the effect of varying foam density. To ascertain if 
mould temperature has an effect on foam density and surface texture one temperature 
was imposed for one moulding from part to part. The specific technical objectives of 
the research were: 
• To investigate existing temperature variations across small and large 
production moulds. 
• To investigate, analyse and quantify the effect of mould temperature on foam 
micro and macro surface roughness. 
• To analyse and quantify the effect of mould temperature on overall foam 
density and core density at various sections. 
• To identify other factor (such as pour pattern) affecting foam core density 
distribution at various location (RoI) across the foam part. 
• To investigate foam cell size produced at varying mould temperature. 
• Relate cell size to foam density. 
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3.6.2 Summary of Experiments 
The research was separated into four stages, as shown in Figure 3.13. 
1-------------------------------------------Literature review Chapter 1: Chapter 2: Chapter 3: PU F oarns and their Overview of Conformal and Non-Stage 1 Classifications Moulded Flexible conformal Mould Heating 
PUFoam and Cooling Channels 
-----------------------t-------------------
Familiarisation stage and preliminary experimental work 
Stage 2 Chapter 4: 
Experiment to Assess Thermal Variation in Production Tools 
-----------------------}-------------------
Design and fabrication of mould rig 
Chapter 5: 
Stj ge 3 Design of Test Tool for Production of Cold-cure Flexible PU Foam Samples 
l _______________________ } __________________ _ 
i Testing and analysis of foam,....-sa_m_p_l_e_s ____ -, 
I Chapter 6: Chapter 7: Chapter 8: 
Stage 4 Effect of Mould Effect of Mould Effect of Mould 
1 
Temperature on Temperature on Temperature on 
Foam surface Foam Density Cell Size using 
Texture SEM Analysis 
------------------------t-------------------
Chapter 9: Chapter 10: 
Discussion Conclusions and Further Research 
Figure 3.13 : Method of approach and structure of the thesis. 
The first stage centred on understanding the various types and classifications 
of polyurethane foam available, their applications and related foam moulding 
processes involved, various mould fabrication techniques and heating channel options 
available. 
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The second stage involved a familiarisation stage and preliminary 
experimental work to quantify temperature variations in existing production tools. It 
was also intended as a preliminary inspection on any effects on flexible PU foam part 
quality resulting from tool temperature variations. 
The third stage was the design and fabrication of a mould rig that adhered to 
Mould Design Guidelines (Perstorp 2003) from industrial foam practitioners for the 
production of cold-cure flexible polyurethane foam samples. Meticulous and thorough 
planning was employed to provide highly reliable cold-cure foam samples conforming 
to the ASTM D3574 Standard (ASTM 1995). 
The fourth stage involved a series of tests and analysis on the foam samples 
produced using various new techniques in testing of cold-cure flexible foams. A non-
contact 3D Laser scanner was used to measure and quantify the effect of mould 
temperature on foam surface texture. Micro surface analysis was conducted on a small 
surface area of the foam to quantify the surface roughness and macro surface analysis 
was conducted on a larger surface area of the foam to quantify the surface undulation. 
The next experiment conducted in the fourth stage was to measure and 
quantify the effect of mould temperature on cold-cure foam density. The ASTM 
D3574 Standard (ASTM 1995) test method for moulded urethane foam was used to 
analyse the initial (immediately after demoulding) and overall foam density (after 14 
days). This was to give an estimation of foam shrinkage in its length (x), breadth (y) 
and height (z) and to determine to what extent its effect was on the overall foam 
density. This was followed by a study on the foam core density using a Computerised 
Tomography scanning machine (CT scanning) to quantitatively analyse, with much 
more accuracy the effect of mould temperature on part density at specific Regions of 
Interest (RoIs) . 
Analysis in the fourth stage using scanning electron microscopy (SEM) was 
conducted to investigate further why mould temperature might effect foam density 
and foam surface texture. It was believed that the answer would lie within the foam 
morphology and cell size of the polyurethane foam specimens produced at varying 
mould temperatures. The analysis was conducted to establish the correlation between 
foam cell size and foam physical properties. 
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Chapter 4 
Experiment to Assess Thermal Variation in 
Production Tools 
4.1 Introduction 
A senes of visits were conducted to foam moulding comparues to gam 
exposure to the foam moulding process, machinery, foaming materials and tooling. 
Through these visits preliminary experimental work was planned and conducted at the 
industrial plant. The industrial partners facilities visited were: 
1) Fehrer Great Britain Limited, a foam moulding plant located in 
Warley, Birmingham, mainly producing car seats (Figure 4.1a and 
Figure 4.1 b) for various automotive manufacturers. 
2) Collins & Aikman (C & A) Automotive Interior Systems Limited, a 
company located in St Neots, Cambridge, producing a wide range of 
polyurethane foam parts for automotive applications (Figure 4.2a 
and Figure 4.2b). 
3) Rojac Tooling Technologies located in Automotive Component 
Park, Wednesbury, Birmingham. The company designs and 
fabricates patterns and tools for companies such as Fehrer and 
C&A. 
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Figure 4.1 a: Moulds during 
production operation at Fehrer. 
Figure 4.2a: Foam moulding 
process at C & A. 
4.2 Aims 
Figure 4.1 b: Flexible foam 
car seats manufactured at Fehrer. 
Figure 4.2b: Foam parts for automotive 
interior manufactured at C & A. 
In this chapter a series of experiments was conducted to assess production 
tools ' mould surface temperature. The work was performed to quantify any 
temperature variations in existing production tools. It was also intended as a 
preliminary inspection of any effects on flexible PU foam part quality resulting from 
tool temperature variations. 
4.3 Measurement of Mould Surface Temperatures 
During the first exercise the task of measuring the mould surface temperature 
was conducted using a non-contact thermal probe on a range of cold-cure flexible 
polyurethane moulds at Collins & Aikman. A Thermal imaging camera from EPSRC 
(Engineering and Physical Sciences Research Council) was considered but would be 
difficult to set-up on the production floor. 
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4.3.1 Experiment on Bench-type Moulds 
The measurement of mould surface temperature was executed using the non-
contact thermal probe Raytek MX2 shown in Figure 4.3. This thermal probe has a 
temperature range from -30De to 90oDe, and good optics ratio for measuring from a 
distance of up to more than one meter. 
The application of thermochromic inks, which are water based formulations 
commonly used in applications such as silkscreen and flexographic printing, to 
monitor the tool temperature would not be suitable for the production tool surface 
covered with waxed based mould release agent. 
Figure 4.3: Raytek non-contact infrared thermometer. 
The probe utilises a coaxial laser sighting system to provide precise infrared 
beam tracking, resulting in accurate measurement for critical readings at very specific 
areas on the mould surface. It is very light and portable making it suitable for the 
purpose of initial testing. 
The experimental work was conducted during normal production to assess the 
existing temperature distributions across a cast aluminium foam tool with 
conventional heating channels (Figure 4.4). The tool was heated by hot-water 
supplied from a heater set at 53DC. 
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Figure 4.4: Cast Aluminium 
tool located at centre (circled). 
A grid of 15 locations was produced (Figure 4.5) and temperature recordings 
were conducted 3 times for each spot. 
A B c D E 
1 
2 
3 
Figure 4.5: Locations on mould surface for temperature recording. 
The mould surface temperature for the cast Aluminium tool was measured and 
recorded using the non-contact infrared thermometer immediately after demoulding. 
This experiment was conducted three times at each location and results were assigned 
as 1 S\ 2nd and 3rd reading. The results are tabulated in Table 4.1 where occurrence of 
highest and lowest temperatures for each reading are indicated with red and blue 
circles respectively. The range or the maximum variation between the highest 
temperature and the lowest temperature for each reading is noted at the bottom of 
each table. 
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Cast Aluminium Tool: Heater set at 530 C 
Mould surface temperature in Uc (1 sI reading) 
Locations A ~ C D E 
1 52.1 t 53.5) 53.5 j&.4. 51.9 
2 52.0 III 51.8 l49.6} 51.6 
3 52.0 52.7 52.2 )Tb 53.0 
Maximum variation (Range) = 3.9u C 
Table 4.1 a: Mould surface temperature during 1 sI reading. 
Mould surface temperature in Uc (2nd reading) 
Locations A ~ C D E 
1 52.5 t 52.6) 51.9 5l.0 50.2 
2 52.2 tr.2 52.0 ~ 52.1 
3 52.3 52.0 51.6 t48.2) 52.5 
Maximum variation (Range) = 4~C 
nd Table 4.1 b: Mould surface temperature dunng 2 readmg. 
Mould surface temperature in Uc (3ra reading) 
Locations A B C D E 
1 51.8 53.1 52.3 53 .0 50.2 
2 52.0 53.5 ~ ~ 50.8 
3 52.2 53.3 t 54 .~ (50.2) 52.2 
Maximum variation (IDn(ge) = 3 ~ 
rd Table 4.1 c. Mould surface temperature dunng 3 readmg. 
The ranges for the three thermal recordings of the tool are tabulated and the 
average from the three readings is shown in Table 4.2. The temperature variation 
range between the highest temperature and lowest temperature for each reading was 
calculated. The temperature variation range of the Aluminium cast tool was much 
averaging at 4.0oC. 
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Maximum variation 
(Range) QC 
Reading 
Number Cast AI. Tool 
1 3.9 
2 4.4 
3 3.8 
Average 4.0 
Table 4.2 : Average mould surface temperature range. 
The lowest mould surface temperature was in the region of D2/D3 where the 
distance from heating channel is furthest away from mould surface. While the highest 
temperature for 1 sI and 2nd reading was at B 1, the closest distance to mould heating 
channel. The third reading showing highest temperature at C3 was probably due to an 
error in recording. 
The probable effect on the above temperature data from exothermic reaction 
during foaming process cannot be ruled out since the temperature was taken after 
process. This can be only be ascertained by inserting a thermocouple into the mould 
or close to the mould surface during foaming process to monitor the mould 
temperature and would be considered in design of the test tool. 
4.3.2 Experiment on Carousel-type Moulds 
This work was performed to assess the thermal conditions on the carousel-type 
moulds in a production plant (Figure 4.6a). The identified carousel was the C21 
station at Collins & Aikman Limited that was running the cold-cure flexible 
polyurethane process. There were 20 carriages with moulds and one carriage with a 
compressor circulating around the carousel in the layout shown in Figure 4.6b. The 
main materials used for mixing were VENOM polyether polyol (black compound) 
and modified diphenylmethane diisocyanate (modified-MDI) commercial name 
LUCI. Both materials were supplied by Huntsman Polyurethanes and were pre-mixed 
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with various unspecified additives. The cycle time for the whole carriage system was 
10 minutes. Individual heaters were assigned to each mould carriage which allowed 
for pre-setting of the mould temperature. Depending on the specific process 
requirement of each mould, the temperatures were pre-set ranging between 50°C to 
60°C. 
Figure 4.6a: Carousel C2l with 
20 mould carriages. 
Moulds 
Figure 4.6b: Layout of Carousel C2l. 
The tools identified for the thermal assessment exercise were Tool 2, Tool 7 
and Tool 19 producing the same product. This was the engine-side dash cover for the 
left-hand drive Land-Rover Freelander (Figure 4.7). 
• • 
Figure 4.7: Mid-section of dash-cover for Land-Rover Freelander. 
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4.3.2.1 Feature Identification 
Since Tool 2, Tool 7 and Tool 19 were very large moulds (Figure 4.8) 
recordings of the mould surface temperature were taken according to identified 
features on the mould surface instead of adopting the previous method of matrix 
representation. 
Figure 4.8: Tool 2. 
A total of eight distinctive features were identified and assigned III 
alphabetical order from A to H as shown in Figures 4.9 to Figure 4.16. 
Figure 4.9: Feature A. Figure 4.10 : Feature B. 
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Figure 4.11: Feature C. Figure 4.12: Feature D. 
Figure 4.13: Feature E. Figure 4.14: Feature F. 
Figure 4.15: Feature G. Figure 4.16: Feature H. 
Some features were further away from the heating channels than others. The 
required mould running temperature for these three tools was 54°C. 
The measurements were conducted during normal plant production operation 
through two shifts. The data obtained from the experiment clearly indicated the 
existence of mould surface temperature variations between tools, within each tool and 
from cycle to cycle as shown in Table 4.3 . 
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4.3.2.2 Results on Carousel-type Moulds 
Thermal recording for the three carousel-type moulds, Tool 2, Tool 7 and Tool 
19 were tabulated and the average mould temperature recorded. The lowest Average 
Temperature for Tool 2 and Tool 7 was 51.30C and 50.50C respectively (Table 4.3a 
and Table 4.3b). The Average Temperatures for Tool 19 was the lowest with an 
average temperature of 48.1 °c (Table 4.3c). A uniform temperature close to the 54°C 
temperature set at mould heaters was not attained. 
Feature Tern ~erature Readings QC) 
I 11 III IV V 
A 52 53 53 53 54 
B nJa 53 54 54 54 
C 51 51 51 54 52 
D 51 54 53 51 54 
E nJa 54 54 53 53 
F 52 51 53 52 53 
G 51 52 53 52 53 
H 51 53 53 51 53 
Ave. 
Temp. 51.3 52.6 53.0 52.5 53.3 
Across 
Mould 
Range 1.0 3.0 3.0 3.0 2.0 
Std. Dev. 0.5 1.2 0.9 1.2 0.7 
Table 4.3a: Feature temperature recorded and mould 
average temperature for Tool 2. 
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Feature Temperature 
Readings (QC) 
I 11 III IV 
A 51 51 51 52 
B n/a 52 53 53 
C 52 50 50 51 
D 52 51 51 51 
E 51 51 51 50 
F 51 50 51 51 
G 50 50 50 50 
H 49 49 49 50 
Ave. 
Temp. 50.9 50.5 50.8 51.0 
Across 
Mould 
Range 3.0 3.0 4.0 3.0 
Std. Dev. 1.1 0.9 1.2 1.1 
Table 4.3b: Feature temperature recorded and mould 
average temperature for Tool 7. 
Feature Tern perature Readings QC) 
I 11 III IV V 
A 50 48 49 48 51 
B n/a n/a 49 n/a 50 
C 49 49 49 49 50 
D 49 49 49 46 50 
E 49 50 50 49 51 
F 48 48 47 49 48 
G 48 49 48 48 48 
H 48 48 48 48 48 
Ave. 
Temp. 48 .7 48.7 48.6 48.1 49.5 
Across 
Mould 
Range 2.0 2.0 3.0 3.0 3.0 
Std. Dev. 0.8 0.8 0.9 1.1 1.3 
Table 4.3c: Feature temperature recorded and mould 
average temperature for Tool 19. 
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The quality of parts especially from Tool 19 which was well below the target 
was affected compared to parts from Tool 2 as shown in Figure 4.17 to Figure 4.19 
below. 
Figure 4.17: Foam part produced from Tool 19. 
Figure 4.18: Another foam part produced from Tool 19. 
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Figure 4.19: Foam part produced from Tool 2. 
All the foam parts produced from Tool 19, which had the lowest average 
temperature of 48.1 °c showed poor surface quality and defects. Foam parts produced 
from Tool 2 which had a high average mould temperature of between S1.3 0C to 
53.3°C and Tool 7 which recorded an average mould temperature of between 50. 5°C 
to 51.0oC showed no defects or poor surface quality . 
4.4 Discussion 
Experiments on bench-type and carousel-type moulds showed that temperature 
variations across the mould surface existed. It was established through experimental 
results that the mould surface temperature was affected by the distance from the 
heating channel to the mould surface. The lowest mould surface temperatures in the 
bench type moulds were in the region of D2/D3 where the distance from heating 
channel is furthest away from mould surface. While the highest temperature for 1 sI 
and 2nd reading was at B1, the closest distance to mould heating channel. 
Consequently a uniform distance between heating channel and mould surface was 
considered in the design of the test tool for the production of polyurethane foam 
samples in the next experiment to attained a uniform mould surface temperature. 
Although the non-contact thermal probe used provided the mould surface 
temperature at specific locations as required in the experiments, the disadvantage of 
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this technique was that the temperature recorded was out-of-process. The mould 
surface temperature can only be recorded when the mould is open. The time taken 
between 30 seconds to 50 seconds to measure and record the mould temperature for 
all the points was another factor that could account for mould temperature variations. 
The time taken to record mould surface temperature using a thermal imaging camera 
would have been greatly reduced but it will still be limited to out-of-process 
temperature when the mould was open. 
Weaknesses found in this experiment will be overcome. A method capable to 
measure and register mould surface temperature continuously during actual foam 
moulding process needed to be adopted for the test tool. A thermal probe capable of 
tracking the in-process mould temperature and able to log continuously through-out 
the duration of the foam moulding process would be able to provide valuable 
information. Data obtained from this experiment was used towards designing the test 
tool for production polyurethane foam sample in the next experiment. 
Investigations with carousel-type moulds indicated that the temperature 
variation might affect foam surface quality. Foam parts produced from Tool 2 and 
Tool 7 which had a higher average mould temperature than Tool 19 showed no 
defects or poor surface quality. While all the foam parts produced from Tool 19, 
which had the lowest average temperature showed poor surface quality and defects. 
The process parameters were held the same for the three tools running on the 
carousel. The same materials and additives from the same temperature controlled 
container were mixed with the same mixing head and dispensed by the same robotic-
arm at the same pre-set pressure. The only variable being the mould temperature thus 
the poor surface quality and defects on foam parts produced from Tool 19 were 
attributed to the colder mould surface temperature. 
From the literature, it was believed that uniform tool temperature would 
provide uniform foam density and good surface texture at certain mould temperature. 
Additionally, in this research work it was suspected that large variations in mould 
temperature would have an effect on foam density which might be able to utilised for 
controlled large temperature variation which could potentially be utilised for 
controlled density variations across the foam parts. 
The hypothesis of this research was that large mould temperature variation 
might have an effect on foam density. If this hypothesis is true than mould 
-73-
temperature can be used to control foam density. Currently foam density is controlled 
through material and water composition. 
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ter 5 
Design of Test Tool for Production of Cold-
cure Flexible PU Foam Samples 
5.1 Aims 
To built a specially design mould capable of maintaining a tight temperature 
tolerance and capable to track and logged in-process mould temperature through-out 
the cycle time while producing foam samples at varying mould temperatures. 
5.2 Experimental Mould Rig 
The experimental mould-rig was designed to conform to the requirements 
specified in ASTM D3574 Standard (ASTM 1995) and Mould Design Guidelines 
(Perstorp 2003) for industrial foam practitioners. 
Various grades of Aluminium such as Toplate C250, AI. 7075 T6, AI. 2014 T6 
and AI. 6082 T6 were considered as the material to fabricate the mould rig. 
Aluminium 5083 was chosen based on its properties such as good heat conductivity, 
light but durable material (270 MPa tensile strength), easy to machine, relatively 
cheap, can achieve good surface finish and was readily available. 
5.2.1 Mould Design Specification 
Important guidelines from ASTM D3574 (ASTM 1995) and Mould Design 
Guidelines (Perstorp 2003) specifications are listed below: 
• A representative specimen (foam sample) of regular shape, circular or square 
measuring 0.1m2 in area by 25 mm thickness. 
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• No porosity on tool surface. 
• Water channels to be 15 mm diameter where possible (10 mm mmunum 
diameter where it is not possible to use 15 mm). 
• Nominal thickness around water channel = 5 mm - 10 mm. 
• Tools must be water tested to 100 psi (6.5 bar) for a minimum of 1 hour. 
• Tool must be airtight while foaming. 
An additional requirement for this experiment was to have a uniform heat 
distribution across the mould surface. 
5.3 Heating Channels and Cover Plate 
Flat-milled grooves for the water channels were opted over V-grooves 
allowing more flow surface closer to the cavity (Figure 5.1). Also a constant distance 
between the grooves and the mould surface was used to ensure a more uniform heat 
distribution (Figure 5.2). Heating channels were 15 mm wide and 17 mm deep 
thereby achieving a 8 mm uniform distance to the mould surface and conforming to 
Mould Design Guidelines (Perstorp 2003). This was envisaged to allow a tight mould 
temperature tolerance during foam moulding experiments. 
Figure 5.1: Milled V-grooves and Flat-grooves. 
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Figure 5.2: Milled grooves heating channels (detail drawing in Appendix 1). 
5.4 Mould Cavity 
The mould cavity was: 
Square 
Depth 
: 32 cm x 32 cm 
: 2.5 cm 
Surface Area : 1024 cm2 or 0.1024 m2 
Volume : 2560 cm3 or 0.00256 m3 
The mould was fabricated as shown in Figure 5.3 based on the ASTM D3574 
(ASTM 1995), Mould Design Guidelines and Specifications (Perstorp 2003) and 
requirement for mould cavity size. 
Mould cavity of 32 cm x 32 cm x 2.5 cm 
and surface area 1024 cm2 
Figure 5.3: Square mould cavity to produce standard foam 
sample conforming to ASTM D3574 (ASTM 1995). 
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5.4.1 Mould Surface Roughness 
The Mould Design Guideline and Specifications (Perstop, 2003) provide a 
general guideline of no porosity on tool surface. The surface finish of the completed 
test tool was very smooth and fine surface finishing of Ra value close to 0.10 microns, 
achieved with a finishing tool and manual polishing. The researcher measured and 
recorded the surface roughness of the mould base and lid to be compared later with 
the surface roughness of the foam produced from the mould. This was to ascertain if 
there was any effect of the mould surface roughness on the roughness of the foam 
surface. If the foam surface roughness was equal or close to the mould surface 
roughness then there might be a possibility that the mould surface had an influence on 
the foam part surface produced from the mould. If the foam surface roughness was 
very much coarser than the roughness of the mould surface than the effect of the 
mould surface on foam surface could be ruled out. 
A surface roughness tester, Mitutoyo Surftest 211 was used to measure and 
record the mould base and mould lid surface roughness at various locations as shown 
in Figure 5.4. The surface roughness was measured in both the X-axis and Y-axis 
directions . The measurement unit for surface roughness was microns (f.lm). Results 
shown in Figure 5.5 to Figure 5.8 show that the mould surface roughness values were 
low (0.05 f.lm - 0.14 f.lm). 
Figure 5.4: Measuring mould surface roughness using a 
Mitutoyo Surftest 211. 
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MOULD LID (Y-AXIS DIRECTION) 
.""_""_""_""_2"51(,': 1 '~ -_ h-_I'n-_g-_e-~ -_" _,' --+-1 _ 25 mm ~ ~~2~S~ ________ _ 
w/outlet 0.13 0.05 0.05 i w/outlet i 
0.14 0.06 
0.14 0.06 
0.06 0.05 
0.06 0.05 
0.06 0.05 
0.07 0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
. 0.07 0.05 0.06 y-axIs t I 0.09 0.05 0.06 
~.. ~ 
I 
---------
L::::; x-aXIS ~ 160 mm I 
Figure 5.5: Mould lid surface roughness in Y-axis direction 
(units in microns). 
MOULD LID (X_AXIS DIRECTION) 
. __________ :;·~I ' ~ ~i;g~e~: -~ ~I~-.: ~~2~s~ 1-25 T------, 
: w/outlet 0.12 0.08 0.05 : wl outlet: 
,------------- ------ .. -~ 
0.11 0.08 0.05 
0.06 0.11 
0.09 
0.08 
0.08 
0.07 
. 0.07 
0.07 
0.05 
0.05 
0.05 
0.06 
0.06 
0.05 
0.05 
0.05 
0.05 
0.06 y-axIs t I 0.07 0.06 0.05 
L::::; x-aXIS . 160 mm I ~.. ~ 
I 
Figure 5.6: Mould lid surface roughness in X-axis direction 
(units in microns). 
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MOULD BASE (V-AXIS DIRECTION} 
. __________ J-~I ': ~i~g:e~: ~ _ ~:~-~ ~~~~s: ; 1-251 _______  
w/outlet 0.06 0.08 0.07 i w/outlet i 
0.07 
0.07 
0.06 
0.07 
0.07 
0.09 
0.08 
y-axIs 0.09 
~ x-axis 
0.07 
0.07 
0.06 
0.06 
0.06 
0.09 
0.09 
0.10 
I 
.. 
160 mm 
0.07 
0.07 
0.07 
0.06 
0.07 
0.08 
0.08 
0.08 
~I 
Figure 5.7: Mould base surface roughness in Y-axis direction 
(units in microns). 
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0.07 0.06 0.05 y-axIs 
t 
0.05 0.06 0.05 
-----. x-aXIs ~.. 160 mm ~ I 
Figure 5.8: Mould base surface roughness in X-axis direction 
(units in microns). 
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5.5 Clamping Unit and Mould Hinges 
During the cold-cure flexible polyurethane foam moulding process it is critical 
to avoid flashing of polyurethane foam between the mould halves which will produce 
parts with a thin layer of foam material around its perimeter (Figure 5.9). Flash can 
occur at any of the four sides of the mould where the clamping force is lower than the 
internal pressure from the foaming reaction of the polyurethane. Flash will result in 
low quality moulded parts with defects due to loss of foam mass and density. 
Figure 5.9: Flash around foam part. 
The most common contributing factors for low clamping force are usually due 
to poor choice of clamping device and mould hinge. Among the choices of clamping 
device considered for the test mould were vertical toggle clamps, latch clamps and 
horizontal toggle clamps (Figure 5.10). 
Latch clamp 
Vertical clamp Horizontal clamp 
Figure 5.10: Various clamps considered. 
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Previous experience in the foaming process indicated that it was difficult for a 
single operator to handle the dispensing head and then to close the mould lid and latch 
both clamps quickly enough to avoid flashing of foam. 
Operating pneumatic clamps (Figure 5.11) would be quick and easy but costly. 
The cost of each pneumatic clamp was three hundred pounds. Based on results from a 
prior test tool it was estimated that the current tool would require at least two 
pneumatic clamps to prevent flash from the mould during the foaming process . 
.. 
Figure 5.11. Pneumatic clamp often used on foam tool. 
Various cheaper alternative design options were considered for their 
functionality, safety and ease of operation. Rotational wedges were selected and to get 
the maximum clamping force, a calculation determined the wedge angle (Bosch 
1986): 
Calculation for maximum clamping force: 
The coefficient of friction for steel on steel = 0.3 (Munday and Farrar 1979). 
Therefore, tan-I 0.3 = 16.7° 
16.7° angle a used to machine slope of the wedge (Figure 5.12a and Figure 
5.12b). 
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Bolster to hold down the wedge 
o 
o 
Mould lid 
Figure 5.12a: Clamping with wedges. 
16.7° wedge slope 
machined on steel 
Figure5 .12b: Wedge clamp on top of mould to hold down the lid. 
To ensure a clamping force was applied on all edges of the mould lid, the 
bolster and wedge unit was repeated on three sides of the mould (Figure 5.13) while 
the rear was held down by a set of mould hinges. A rotating swivel screw located in 
the centre section on the mould lid was used to hold and control movement of the 
three wedges. A single swivel action was able to rapidly open or shut the mould lid 
with ease. Based on previous experience with an initial foam tool, conventional 
hinges failed to prevent flash. Consequently a stainless steel hinge specifically meant 
for moulds was chosen. 
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Figure 5.13: Bolster and wedge clamp units repeated on all sides. 
5.6 Thermocouple Holes 
Thermocouples were inserted at various locations (Figure 5.14) to record the 
mould surface temperature throughout . the experiment. Position of the four UKAS 
calibrated thermocouple was carefully selected in a manner to measure and monitor 
the greatest range that can be expected from where the flow start, in the middle, and 
where the flow towards the end. Uniformity of tool temperature tracked by the 
thermocouples is shown in Figure 5.18 and Appendix 4. The flow was restricted to 
single 1aminar flow with single heating channel with no preferential flow. The 
thermocouples were inserted through small holes drilled up to 0.5 mm from the mould 
surface. Two UKAS calibrated thermometers were used to monitor the outlets, one 
placed at the inlet and the other at outlet orifice (Refer Appendix 3). 
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Heating fluid flow 
I· Thermo-I I 
I I 
I ~ I I 1 .. I I I I I 
1 I I I I I I I 0 I I I I Thermo-I I I I Thermo- I I meter 
meter 1+1 I I I I I I \ 1 I I I I I I I 
-+~ 0 1 L.... ..... I I ~ o 1 1-+ _i ~ I I L_ ..... I I ~ 
Inlet Outlet 
Figure 5.14: Location of thermocouples and thermometers on mould. 
5.7 Water Flow Test 
Prior to closing and sealing the mould cover plate, a water flow test was 
conducted for both the top and bottom mould (Figure 5.15). Water was pumped from 
the inlet and collected from the outlet in a container. This was to ensure that there was 
a continuous water flow in the heating channel. 
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Water from outlets 
into container 
Heating channels 
before sealing with 
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Figure 5.15: Water flow test conducted to ensure continuous flow. 
5.8 Hot Water Pressure Test 
A pressure test was conducted in the laboratory to ensure that pressurised hot-
water supplied through the heater during the foam moulding process at the industrial 
site would not leak through any parts of the mould. The tool was tested up to 6.5 bar 
for an hour as specified by the Soft Foam Design Guidelines and Specifications 
(Perstorp 2003) (Figure 5.16). No leakage of hot water was noticed either for the top 
or bottom mould halves. 
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Figure 5.16: Tool tested up to 6.5 bar for an hour. 
5.9 Selection of Temperature Sensing Device 
The two main temperature-measuring technologies in use today are based on 
thermocouples and resistance thermometers. An important characteristic of both 
sensor technologies is that their outputs are in the form of electric signals. Such 
signals can be easily transmitted, switched, displayed, recorded and processed by 
other equipment. 
Among the important factors for consideration to choose between these two 
technologies are operating temperature range, the maximum temperature, heating rate, 
response rate, accuracy, stability, ruggedness, sensitivity, useful service life, physical 
nature of the material to be monitored and the practicable contact method. A 
comparison was made as shown in Table 5.1. 
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Consideration Thermocouple Resistance 
Factors Characteristic Thermometer 
Characteristic 
Temperature Wide range of Smaller range of 
Range choices choices 
Response Speed Faster Slower 
Accuracy Less Accurate More Accurate 
but within 
±O.50C 
Sensitivity Tip sensitive Stem sensitive 
Robustness More suitable Less suitable 
Vibration Suitable Generally 
Effects unsuitable 
Cost Less expensive More expensive 
(x2-3) 
Size Very small Larger 
possible 
Table 5.1: Comparison between Thermocouples and 
Resistance Thermometers 
Thermocouples were ideal for the multi-point temperature measurement 
required in this experiment because they could give faster response, they were tip 
sensitive, had a very wide operating range and were suitable for surface temperature 
measurement. 
5.9.1 Choice of Thermocouple 
The selection of a particular thermocouple type ideal for the mould multi-point 
temperature measurement required in this experiment was based on the following 
criteria: sensing application; physical conditions; accuracy; sensitivity and 
compatibility with the existing data-logging equipment, CRI0X data-logger. 
Five types of base metal thermocouples commonly used are given in Table 
5.2. Manufacturers provide the sensors to these agreed limits published as BS EN 
60584.2 (BS 1996). 
T -type thermocouples, originally known as Copper-Constantan were chosen 
over the more popularly used K-type thermocouples since the mould temperature 
range for the experiments was between 30°C to 80°C. At low temperature ranges the 
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T-type thermocouple has a very close tolerance of ± 30 IlV (± O.SoC) and can 
perform even when moisture may be present. Repeatability was in the range up to 
200°C (±O.loC). 
Inter- Conductor Approximate Working Thermocouple Output 
National Material Temperature Range of Measuring Tolerance IEC 584.2, 1982 
Type J unction (0C) (BS EN 60684.2:1993) 
Desig-
nation Tolerance Class 1 
Continuous Short Term Temperature Tolerance 
Range (0C) Value 
K Ni-Cr (+) o to +1100 -1 80 to + 1350 - 40 to +375 ±1.5uC 
Ni-AI (-) 
T Cu (+) -185 to +300 po -250 to +400 - 40 to +125 ±0.5vC 
Cu-Ni (-) 
J Fe (+) +20 to +700 -180 to +750 - 40 to +375 ± l.5vC 
Cu-Ni (-) 
E Ni-Cr (+) o to +800 -40 to +900 - 40 to +375 ±1.5uC 
Cu_Ni (-) 
N Ni-Cr-Si o to +1100 -270 to + 1300 - 40 to +375 ±1.5"C 
(+) 
Ni-Si 
(-) 
Table 5.2: Thermocouple types given by BS EN 60684.2 (BS 1996). 
5.9.2 Calibration of Thermocouples 
Two thermocouples were calibrated at UKAS certified facilities where all 
measurements were traceable to recognised national standards. The overall 
uncertainty of measurement was ±0.30C. 
The calibrated thermocouples were used as a benchmark to gauge the accuracy 
ofthe rest of the thermocouples. Tests were performed using steam and freezing water 
and the output for all thermocouples were confirmed to be within ±0.3°C. Refer 
Appendix 2 for the certificate of calibration. 
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5.10 Choice and Calibration of Thermometers 
Thermometers were required to monitor the hot water temperature at the 
mould inlet and outlet. IP 15C thermometers (IP: Institute of Petroleum) were chosen 
over general purpose mercury thermometers. The thermometers were calibrated and 
certified by UKAS according to standard calibration procedure on 22 July 2003 prior 
to installation in the mould (refer Appendix 3). The IP 15C used had a total length of 
295 mm with an immersion length of 57 mm. The temperature range was from -5°C 
to 110°C and temperature scale division of 0.50C. 
5.11 Data Acquisition 
The data needed to be able to indicate whether a relatively tight and uniform 
temperature tolerance was achieved during the foam moulding process. The 
correctness of the data was critical towards giving a high level of confidence on the 
analysed results and conclusions deduced on the effect of mould temperature on foam 
surface texture and foam density. 
5.11.1 Data Logger 
The data logger used in this experiment was model CRI OX manufactured by 
Campbell Scientific. The CRI OX is a fully programmable data logger with non-
volatile memory and a battery backed clock in a small, rugged, sealed module with 
analogue, digital and serial I/O ports (Figure 5.17). 
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47.90C 
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61.4oC 
Thermocouple 
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regIOn 
Figure 5.19: Exothermic reaction temperature test. 
Tracking of the tool in-process temperature throughout the 90 seconds 
moulding time, as shown in Figure 5.18 and Appendix 4, clearly shows that the mould 
temperature was not affected by the exothermic reaction temperature. The mould 
temperature profile remained within ±0.50C through out the cycle time. Any effect 
from the exotherrnic reaction would have been indicated with a peak on the tool 
temperature profile as a result of the exothermic reaction. Therefore the exotherm 
temperature was not factored into the final data produced for the temperature 
experiments. 
5.13 Mould Set-up 
The foam moulding tool was linked to a data-logger, thermocouples and a lap-
top computer (Figure 5.20). The mould surface was coated with a special white wax, a 
process conducted on all new tools to prepare the mould surface before foaming. 
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ANALOGUE INPUTS 
Input/Output 
Instructions : 
1 Volt (SE) 
2 Volt (DIFF) 
11 Temp (107) 
EXCITATION OUTPUTS 
Instructions (examples): 
2 Volt (DIFF) 
11 Temp (107) 
DIGITAL l/O PORTS: 
2 Volt (DIFF) 
11 Temp (107) 
Figure 5.17: View of CRI OX Data-logger (Campbell_Scientific 2002). 
The system consists of four elements; measurement and data processing, data 
storage, data retrieval, report generation and archiving. The data-logger can be set to 
scan a sensor once per second, store all these values in memory, and send a summary 
of these values to final storage memory. In this experiment the data logger was linked 
to a laptop computer for data monitoring and storage. 
5.11.2 Mould Heating and Temperature 
The heating unit at the production plant incorporates a flow control unit that 
regulates the pump. The flow of the heating fluid was held constant by the unit and 
the continuous tracking and logging of the mould temperature showed that there was 
minimal fluctuation of mould temperature. The recorded mould temperatures 
throughout each experiment cycles were held at a close tolerance of ± O.SoC, which 
suggests that this assumption is very close. Figure 5.18 indicates that the mould 
temperature was held at a tight tolerance (±O.S°C) throughout all the foam moulding 
experiments for various mould temperatures ranging from 30°C to 80°C at an 
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increment of loDe. More results on mould temperature data can be seen in Appendix 
4. 
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Figure 5.18: Tracking the mould temperature. 
5.12 Exothermic Reaction Temperature Test 
~ 
90 '00 
In industry normal practice involves a simple experiment to determine the 
exotherm when the materials are mixed. This experiment does not conform to an 
international standard. This test was performed to understand the temperature 
generated in the foam. The test was performed in a fume cabinet for health and safety 
considerations and using recommended equipments as documented by Rossmy et. al 
(Rossmy et al. 1979). Syringes were used to pour 10 grams of polyol and 8 grams of 
isocyanate into a cup which was then mixed with a pneumatic stirrer. Once the 
foaming process started the stirrer was removed and a calibrated thermocouple was 
dipped the foam (Figure 5.19). 
The average peak temperature from five sets of experiments was recorded to 
be 61ADC. A similar experiment was repeated five times with the thermocouple just 
inside the rising foam surface. The average peak temperature from five sets of 
experiments was recorded at 47.9DC. 
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Figure 5.20: Mould set-up on wet bench prior to moulding. 
Initial trial foaming runs were conducted in the mould and the tool was found 
to be airtight thus avoiding any flash. The wedge clamps were capable of holding 
down the mould lid and provided ease of handling for rapid opening and closing of 
the mould lid. The choice of mould hinge allowed the mould lid to be open very wide 
for ease of moving the dispensing head above the centre of the mould to dispense the 
mixture. 
5.14 Foam Moulding Experiment 
The cold-cure flexible polyurethane material used for the foam moulding 
experiment was supplied by Huntsman Polyurethanes Ltd. The commercial polyol 
name was GILLOL and isocyanate was GILL!. The polyol and isocyanate system 
weight (grams) ratio was 100:60 where an expansion factor ranges between 230 - 246 
times. 
The foaming experiment was conducted as described in the following three 
stages: preparation prior to moulding, moulding and post moulding. 
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Preparation prior to moulding: 
o Target density = 0.06 g/cm3 (or 60 kg/m\ 
o Cavity volume = 32 cm x 32 cm x 2.5 cm = 2560 cm3. 
o Therefore, mass = 0.06 g/cm3 x 2560 cm3 = 153.6 g. 
o Shot time of 0.77 glsecond for complete mould filling was found after a 
number of iterations. 
o The mould heater was set at 70°C (the temperature at the inlet as indicated 
by the thermometer was 70°C while the outlet thermometer indicated a 
reading of 69.5°C). 
o Release agent used : Gorapur LK888 (HCFC and CFC-free) release agent 
for demoulding of polyurethane cold-cured (HR) foam. 
Moulding: 
o Release agent sprayed on the mould surface (once after every 3 shots of 
foam moulded). 
o Foam mixture dispensed into the mould with the same amount of foam for 
each shot at the same location. The foam mixture was dispensed in the 
middle section of the mould with nozzle slightly pointing towards the 
back section and later twisting slightly towards the front section as in 
industrial practice (Figure 5.21). 
section . 
~x 
.... /R ., /. . ......... . ' Initial .... , 
". nozzle 
". ..... 'btientation 
/Final ..... 
, 
nozzle 
Figure 5.21 : Orientation of dispensing head nozzle. 
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o After 90 seconds the mould was opened and the foam sample labelled with 
an arrow to indicate top side and foam orientation in the mould (Figure 
5.22) . 
Figure 5.22: Foam sample ready to demould after 90 seconds. 
o The foam was then demoulded and rolled using a cast iron bar to break any 
closed-cells (Figure 5.23). The cast iron bar was used as rolling pin to 
provide better consistency than applying pressure by hand onto the foam 
as in industrial practice. 
o The foam was weighed usmg a digital scale, assigned part reference 
number, example 141 .5 g, T70 _ 4 (T70 - indicating mould temperature at 
70°C and sample number 4). 
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Figure 5.23: Foam sample weighed after being rolled with iron bar. 
o Foam samples were produced at mould temperature of 30°C, 40°C, 50°C, 
60°C, 70°C and 80°C. In the production plant where the experiment was 
conducted, depending on the type of additives selected, amount of additive 
used, water content, foam flow required and the mould size, the mould 
temperature for the particular material used in this experiment can range 
from 30°C to 80°C. (Temperature of more than 80°C can be considered 
with precaution taken on health and safety issues). 
o Seven foam samples were produced at each mould temperature. 
o The same procedure was repeated with all experiments. 
Post moulding: 
o As recommended by the ASTM D3574 Standard (ASTM 1995), the foam 
samples were kept in an a controlled environment of 23 ± 2°C and 50 ± 
5% relative humidity for more than 14 days prior to selection and testing. 
o The foam samples were kept undeflected and undistorted at the 
temperature and humidity of test for more than 12 hours before tested. 
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5.15 Discussion 
Foam samples produced from the test tool showed no signs of flash indicating 
that the clamping device constructed withheld the internal pressure arising from the 
foaming reaction of the polyurethane. The mould was tight over the entire parting line 
and prevented breathing or pressure escape from the mould thus ensuring foam 
samples produced were free from defect due to loss of foam mass and density. 
A uniform distance between the heating channels and the mould surface 
provided a tight mould temperature tolerance during foam moulding experiments. 
Mould temperature was controlled to ± O.SoC throughout the foaming process. 
Tracking of the in-process tool temperature throughout the cycle-time 
indicated that the mould temperature was not affected by the exothermic reaction 
temperature, thus the exothermic temperature was not factored into the final data 
produced for the temperature experiments. The thermal mass of foam is very much 
lower than the thermal mass of the tool which explains why there was no observable 
increase in tool temperature during foam moulding. 
Seven foam samples were produced at each mould temperature were labelled 
and kept in a controlled environment. As stipulated in the ASTM D3574 Standard 
(ASTM 1995), after 14 days the foam samples were sorted and qualitatively inspected 
before selecting the five most representative samples from each mould temperature. 
The five samples having the most common overall appearance in shape and form, 
surface texture, qualities and/or defects are selected for further testing and analysis. It 
was envisaged that qualitative and quantitative results from testing would be able to 
provide reliable and conclusive evidence on the effects of mould temperature on cold-
cure flexible foam. 
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Effects of Mould Temperature on 
Foam Surface Texture 
6.1 Introduction 
As described in Chapter 4, preliminary experimental work and inspection 
conducted on existing production tools at industrial sites indicated that temperature 
variation could affect the quality of the foam surface texture. In this chapter, a 
preliminary qualitative visual inspection on foam surface texture was followed by an 
in-depth quantitative analysis. 
6.2 Aims 
The aim of this experiment is to measure and quantify the surface roughness 
of the cold-cure flexible foam samples produced at various mould temperatures. 
Analysis was conducted to establish the correlation between mould temperature and 
surface roughness of the foam. 
6.3 Background on Surface Texture 
There are various factors that affect or characterise a surface's profile such as 
its material microstructure, action of cutting tool, deformation due to stress patterns 
and errors in machine tool guide ways (Taylor-Hobson 2003). 
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6.3.1 Elements of Surface Texture 
The two main elements of surface texture are roughness and undulation 
(Taylor-Hobson 2003). Undulation has a longer wavelength than roughness, and 
roughness is superimposed on undulation (Figure 6.1). Undulation, the more widely 
spaced repetitive deviations, usually results from such factors as machine work or 
deflection, vibration, chatter or heat treatment. 
Surface roughness and undulation are rarely found in isolation. Most surfaces 
are a combination of the two and it is usual to assess them separately. There is no set 
point at which roughness becomes undulation or vice versa as this depends on the size 
and nature of the application. For example, the undulation element on an optical lens 
may be considered as roughness on an automotive part (Taylor-Hobson 2003). 
Undulation spacing 1 U,d",.tio' 
~-,-1 
Roughness 
spacing / 
Figure 6.1: Roughness and undulation, the constituents 
of Surface Texture (Taylor-Hobson 2003). 
6.3.2 Surface Roughness (Sa) 
Surface roughness average, Sa, as defined in EUR 15178EN (EUR 2003) is 
the average absolute deviation of the measured surface. Sa is the only amplitude 
parameter that discriminates the average absolute deviation of the foam 3D surface 
capable of capturing the surface roughness and undulation. Other amplitude 
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parameters, include Sp that records the highest peak within the defined area and Sv 
that records the lowest valley within the defined area, while Ssk indicates aspects of 
load carrying capacity/lubrication. 
Surface roughness average is very much similar to Roughness average. Sa is 
the average roughness measured on a 3D surface while Roughness average, Ra, is the 
average roughness measured in 2D. 
In measuring the Ra value, sampling length and assessment length was used 
(Figure 6.2), however when measuring Sa, sampling area and assessment area are 
used instead. Ra and Sa are the most commonly used parameters in surface texture 
analysis (Taylor-Hobson 2003). Sa units are length, typically in microns ()..lm). 
I ~ Sampling (Cut-off) Length 
Assessment (Evaluation) Length 
Figure 6.2: Sampling and Assessment Length used for measuring Ra value 
Roughness average is the arithmetic average value of the absolute departure of 
the profile from the mean line through-out the sampling length (Figure 6.3); 
Ra = [z11 + [z21+ .. .. + [zn1 
11 
z2 z3 4 ZI~ LLl.....L..l..D / M I· 
--r-, -'-...L.-...L.-...L..-...L......:""'''UV---,--r--y-----::> ... ~::::------r-~ ean me 
ZI1 
Figure 6.3: Calculation of the arithmetic average value of Ra. 
Surface roughness average, Sa, is the average absolute deviation of the surface 
from the mean plane (Figure 6.4) obtained through levelling of the mean square plane 
of the measured (sampling area) surface and then through centering of heights around 
the mean (Taylor-Hobson 2003). 
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Figure 6.4: Mean plane of a sampling area. 
6.4 3D Laser Scanner 
Prior to selection of a 3D Laser scanner various methods were attempted for a 
quantitative assessment of foam surface texture including a Mitutoyo Surftest Probe 
(a contact method), ModelMaker Laser scanner and 3D Surface Profiler. All the 
methods failed to quantify the foam surface texture. 
Contact method using the Surftest Probe for measurmg foam surface 
roughness can be the most direct and easiest approach in quantifying assessment. The 
Surftest Probe was used to measure and quantify foam surface roughness but often the 
probe tended to get stuck on the porous and soft foam surface giving an 'error' 
reading. 
The ModelMaker Laser scanner worked very well for digitising x, y and z 
vertex data and coordinates required for inspection and reverse engineering but it does 
not provide meaningful quantitative data for surface roughness other than the 
variation in z-values of the foam surface based on the scan data. 
Although the 3D Surface Profiler had the capability to perform surface 
metrology analysis such as surface roughness, surface undulation and step heights on 
most materials it was found to be unsuitable for the flexible foam specimens. The 
foam surface does not reflect much light and would need to be coated which might 
then distort the results. An additional limitation for the particular equipment available 
was the maximum sample size limited to 0.5 mm x 0.5 mm, much less than the 
desired foam surface area to be measured. 
Considering that the foam surfaces were very soft and porous and that there 
was a large foam surface area to be measured and quantified, the non-contact gauging 
technique provided by a 3D Laser scanner from Talysurf CLI provide the best choice. 
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The 3D Laser scanner was capable of measuring and quantifying surface finish 
typically in three dimensions. It offered a large measurement envelope of 200 mm3 
using a non-contact laser triangulation gauge capable of rapid 3D measurement as 
required for this experiment (Figure 6.Sa and Figure 6.Sb). The system was 
complimented with 3D analysis software (Talymap) designed specifically for the 
metrology industry that required 3D surface analysis. The software also incorporated 
a wide range of surface topography analysis tools and data visualisation tools suitable 
for the objectives of this experiment. 
Figure 6.Sa and Figure 6.Sb: Large measuring envelope provided by 
Talysurf laser scanning system using the laser triangulation method. 
The axes could move at 30 mm per second and data logged at O.S )..lm 
increments. The system offered low deviation of 0.34 )..lm per SO mm when moving in 
a straight line which facilitated accurate 3D measurement. 
6.4.1 3D Laser Scanner Working Principle 
A 10 mm laser triangulation gauge was used on the 3D Laser scanner to 
deduce the height of a surface point by sensing the position of a laser spot on the 
surface using a Charged Coupled Device (CCD) detector placed at an angle away 
from the incoming laser beam (Figure 6.6). 
The technique used for the laser triangulation gauge deduces the height of a 
surface point by sensing the position of a laser spot on the surface using a detector 
placed at a certain angle away from the incoming laser beam (typically 4So in the case 
of the gauges used on the Talysurf CLl system). 
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Figure 6.6: Illustrations oflaser system with CCD sensor. 
The image of the laser spot on the CCD is focused at a position depending on 
the vertical position of the spot within the measuring range between Zmax and Zmin 
as shown in Figure 6.7. The resolution of the laser triangulation gauge was l.0 f.lm. 
The size of laser spot was 30 f.lm and the positional accuracy of the laser spot 
(machine) over the full 200 mm of each slide was ± 2 f.lm. The resolution in x, y and z 
slides are 0.5f.lm when measuring light weight materials such as the foam sample. 
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Figure 6.7: Image oflaser spot on the surface within 
measuring range (Zmax and Zmin). 
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6.5 Experimental Methodology 
Qualitative and quantitative assessments were conducted to analyse the effect 
of mould temperature on foam surface roughness. Additionally, an assessment was 
conducted to ascertain if there was any effect on the foam surface roughness due to 
the mould surface roughness. 
6.5.1 Qualitative Surface Texture Assessment 
Qualitative assessment of the foam surface texture was attempted through 
visual inspection by spreading out the foam samples on a table (Figure 6.8) and 
conducting a comparative study between sets of foam samples produced using 
different mould temperatures. 
Figure 6.8: Selection of most representative foam samples. 
The general overall appearance of the foam surface was studied and defects 
noted. Among the defects that can be observed are peel marks, shrink marks, voids, 
knit lines, rough and porous surface and mottling. 
Peel marks on the foam surface (Figure 6.9) are due to the skin peeling off in 
flakes . It is suspected that the foam mixture immediately in contact with the cold 
mould surface gels and cures at a different rate compared to the foam core. A cold 
mould could have inhibited the cross-linking reaction between polyol and isocyanate, 
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which resulted in the formation of a very soft thin layer of skin that peeled off easily 
during demoulding. 
50 mm 
l1li ~ 
Figure 6.9: Peel marks on the foam surface. 
Shrink marks are small spots on the foam surface (Figure 6.10). The initial 
foam expansion attained during exothermic foaming reaction appears to contract and 
draw together at the foam surface after curing in the cold mould resulting in shrink 
marks. 
Figure 6.10: Shrink marks on foam surface. 
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Voids (Figure 6.11) are unfilled areas on the foam surface possibly due to a 
cold mould inhibiting foam rise . The reaction rate between isocyanate and water, the 
source of C02 gas for foam rise, is slower at low temperature thus generating less gas 
and restricting full foam rise. 
Figure 6.11: Voids on foam surface. 
At high temperature the reaction rate between isocyanate and water becomes 
very rapid releasing large amount of gases in a short period of time. The exothermic 
polymerisation reaction between isocyanate and polyol also becomes rapid at high 
temperature. The combination of both heat sources could assist in a rapid cure of 
foam with rough and porous surface (Figure 6.12) from the large amount of gases 
generated. 
Figure 6.12: Rough and porous surface. 
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Knit lines are small wrinkles or creases that appear to form as a line or circle 
on the foam surface (Figure 6.13). The location where the foam mixture was 
dispensed into the mould cavity seemed to leave small wrinkles or creases attributed 
to initial reaction and expansion of foam. 
20 mm 
Figure 6.13: Knit lines or creases on foam. 
Mottling on the foam surface can be seen as areas or blotches with different 
shades (Figure 6.14). Combination of high mould temperature and rapid exothermic 
reaction rate between polyol and isocyanate may have resulted in the evaporation of 
the release agent wax. The almost instantaneous evaporation of the release wax agent 
due to the heat could have left a mottling effect on the foam surface. 
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Figure 6.14: Area or blotches of different shades on foam. 
At high mould temperature the rapid generation of gases from the reacting 
foam mixture can sometime lead to foam collapse (Figure 6.15). Foam collapse is a 
form of void on the foam surface which is due to over generation and concentration of 
gases. The concentration of gases at certain location leads to a breakdown of the foam 
polymer structure resulting in foam collapse. Too much water content in the foam 
mixture can also result in over generation of gases and foam collapse. 
Figure 6.15: Skin of foam is peeled off to inspect foam collapse. 
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6.5.2 Quantitative Surface Texture Assessment 
The next task was to measure and quantify the quality of surface texture 
produced at different mould temperatures. Quantitative assessment was done initially 
over a large area of foam surface with low scanning resolution to measure the 
undulation on the foam surface. Later, assessment was done over a small area with 
high scanning resolution to quantify the surface roughness. 
Scanning of a large area and a small area was conducted on the top and bottom 
surfaces of the foam samples. All foam samples were scanned at the centre on both 
sides. The centre was chosen because it was the most focal position and most obvious 
location on the foam surface. It was also the easiest and most stable location to do 
repeated measurement as compared to the foam edges which might have undergone 
different shrinkage factor. 
6.5.2.1 Equipment Calibration 
The laser gauge on the measuring equipment was calibrated twice, once prior 
to starting analysis and repeated at the end of the experiment to check for any error or 
drift. Calibration was conducted by using calibrated slip blocks. 
6.5.2.2 Scanning Order 
Samples from the mould temperature experiments were scanned in the 
following randomised order: 80°C, 30°C, 70°C, 40°C, 60°C and finally 50°C. This 
was to cancel out any drift effect from the measuring equipment if any. Scanning was 
conducted on the large surface area prior to scanning on a smaller surface area in the 
mid-section of the foam surface. In both procedures, larger and smaller area, the 
bottom surface was scanned first followed by the top surface. This routine was 
maintained to minimise scanning time since the parameter settings for macro scanning 
differ from those for micro scanning. The experiment was conducted in a controlled 
environment with room temperature of 21°C to 22°C and the humidity of 55% to 
60%. 
-110-
6.5.2.3 Scanning of Large Surface Area 
The specimens were measured over an area of 150 mm x 150 mm in the 
middle section (Figure 6.16) with scan increments of 5 mm (or 5000 )...tm) to capture 
the macro surface undulation (as shown in Figure 6.1). The 900 data points recorded 
were then post-processed for 3D topography and 3D surface roughness (Sa) using 
Talymap Universal software (refer Figure 6.21a and Figure 6.21b). The recorded Sa 
values for both top and bottom foam surfaces were tabulated for comparative analysis 
between different mould temperatures. 
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Figure 6.16: Scanning area of 150 mm x 150 mm for macro analysis. 
6.5.2.4 Scanning of Small Surface Area 
As shown in Figure 6.17 the specimens were measured over an area of 10 mm 
x 10 mm area with scan increments of 0.05 mm (or 50 )...tm) to capture the micro 
surface roughness (shown in Figure 6.1). The 40,000 data points recorded were then 
post-processed to produce digitised image of the foam micro surface roughness (refer 
Figure 6.24). The recorded Sa values for both top and bottom foam surfaces were 
tabulated for comparative analysis between different mould temperatures. 
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Figure 6.17: Scanning a 10 mm x 10 mm area in the middle section. 
6.6 Results and Discussion 
In industry various foam surface quality conditions are currently described 
qualitatively to distinct between smooth skin, loose skin, peel marks, rough and 
porous skin surface, voids, knit lines, visible pour pattern and mottling. In this 
research an attempt was made to describe foam surface quality quantitatively through 
measurement of foam surface roughness, Sa value. The measure of surface roughness 
can provide quantitative assessment of foam surface quality. Low surface roughness 
value representing a smooth skin which is essential to applications such as foam 
cushions. The foam surface is exposed to rubbing stresses, even if the cushion is 
covered. Poor surface quality with high surface roughness (Sa) value will be more 
susceptible to abrasion and degradation. 
6.6.1 Qualitative Surface Texture Assessment 
The general overall appearance of the foam samples (Figure 6.18) produced at 
varying mould temperature appears to be similar especially for samples produced at 
mould temperatures between 500e to 70°C. Only foam samples produced at the two 
extreme mould temperatures, 300e and 80oe, clearly exhibited poor surface quality. 
Foam samples produced at 40°C exhibited similar but slightly better appearance to 
those at 30°C. 
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Figure 6.18: Visual inspection of foam samples produced at varying temperature. 
Foam samples produced at 30De depicted the most rough surface with large 
areas of peel marks. Although foam samples moulded at 400e had similar peel marks 
on the surface, these were on a smaller area than those found on the 300e foam 
samples. Increasing the temperature seemed to reduce defects from peel marks. 
Similarly, the occurrence of voids was comparatively less while no shrink marks were 
visible. Increase in mould temperature also seems to reduce occurrence of voids and 
shrink marks. 
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As mentioned earlier in this section the overall appearance of the foam 
samples produced at mould temperatures between 50°C to 70°C appears to be very 
similar to the naked eye. There was a slight variation in foam thickness and surface 
undulation which was difficult to analyse qualitatively. Mould temperatures of 50°C 
to 70°C appeared to produce foam samples with a smooth surface with some barely 
visible knit lines in the middle section of the samples. The location where the foam 
mixture was dispensed into the mould cavity seemed to leave small wrinkles or 
creases attributed to initial reaction and expansion of foam. 
Foam samples produced at 80°C depicted a rough and porous surface 
attributed to an increased rate of reaction which would generate more CO2 in the foam 
mixture resulting in a large open cell structure on the foam surface. Mottling was also 
observed on the foam surface produced at 70°C and 80°C. 
Although it was difficult to assess and evaluate the quality of foam samples 
surface texture the qualitative analysis do indicate an effect on surface texture due to 
mould temperature. 
The trend observed indicated worst surface quality at very low mould 
temperature (30°C) and an improvement as mould temperature increases to towards 
50°C and 60°C. Although further increase in temperature from 70°C to 80°C results in 
deterioration of surface quality. 
6.6.2 Quantitative Surface Texture Assessment 
6.6.2.1 Scanning of Large Surface Area 
Figure 6.19 shows the surface roughness, Sa, obtained from the macro analysis 
of the foam top surfaces. Foam samples produced at 50°C gave the smoothest surface. 
As mould temperature deviated away from 50°C the roughness increased. It was 
observed that there was an unexepected trend and large variation occurring at 60°C as 
compared to 70°C and 80°C. 
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Figure 6.19: Macro top surface roughness for specimens produced at varying mould 
temperature. 
Similar results were obtained for the macro analysis of the bottom surface, 
with foam samples produced at 500e having the lowest roughness. Surface roughness 
increased as mould temperature deviated away from 500e as shown in Figure 6.20. 
Very small Sa standard deviations were recorded at 500e and 700e while the largest 
standard deviation was recorded at 60oe. This unexpected trend and large variation 
occurring at 60°C on both top and bottom surface is noted and will be compared with 
the result from the following experiment on analysis of small surface area (or micro 
surface analysis). 
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Figure 6.20: Macro analysis of the specimens bottom surface. 
Results from Figure 6.19 and Figure 6.20 show that the macro roughness for 
both surfaces was best at 50°C. The top and bottom surface roughness at 50°C drop to 
57 /lm and 77 /lm, respectively, from about 140 /lm at 40°C. Similarly the top and 
bottom surface roughness starts getting worse rapidly from 57 /lm and 77 /lm to 160 
/lm and 215 /lm, respectively, as mould temperature increased from 50°C to 60°C. 
This indicated that the macro surface texture was affected by mould temperature 
varying away from 50°C. The Sa value was lowest at 50°C which was probably due to 
the balance between the mould temperature and the foam temperatures. 
The Talymap Universal software generated a 3D topographical visual 
representation of the macro foam surface texture at various mould temperatures as 
shown in Figure 6.21a, Figure 6.21b and Appendix 5. The topography indicated a 
very much smoother surface produced at 50°C as compared to those at 30°C and 
40°C with undulating peak and valleys attributed to voids and shrink marks while 
foam at high mould temperatures were rough due to a porous foam surface. 
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Figure 6.21 a: 3D topography of the scanned foam macro surfaces from various 
mould temperatures . 
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Figure 6.21b: 3D topography of the scanned foam macro surfaces from various mould 
temperatures. 
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6.6.2.2 Analysis of Small Surface Area 
Analysis of the roughness for both top and bottom surfaces indicated similar 
results as in analysis of large surface area with average Sa values lowest at 50°C with 
a slight increase as the mould temperature deviated from 50°C. Figure 6.22 and Figure 
6.23 shows the surface roughness, Sa, obtained from the micro analysis of the foam 
top surface and bottom surface, respectively. 
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Figure 6.22: Micro top surface roughness for specimens produced at varying mould 
temperature. 
The micro surface roughness for top and bottom surface was best at 50°C at 53 
/lm and 48 /lm, respectively, with a uniform surface texture. As the mould 
temperature increased above 50°C, the surface roughness for both top and bottom 
surface increased at almost the same rate, with visible mottling forming on the 
surface. Meanwhile, when the mould temperature decreased below 50°C, the surface 
roughness for the top surface is slightly coarser than the bottom surface with more 
visible shrink marks. 
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Figure 6.23: Micro bottom surface roughness for specimens produced at varying 
mould temperature. 
The effect of mould temperature on foam surface roughness was qualitatively 
analyzed by inspecting the digitised image of surface from the scanned 10 mm x 10 
mm area as shown in Figure 6.24. These images were used to compared with the Sa 
values recorded for different temperatures which indicated that the optimum 
processing temperature to be 50°C. It can be seen that the foam produced at 50°C had 
the finest surface texture free from scaling and mottling, as compared with specimens 
produced at other temperatures. 
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Figure 6.24: Digitised image of scan surface and the corresponding Sa values of 
micro foam surface texture at different mould temperatures. 
6.6.3 Effect of Mould Surface Roughness 
Both the micro and macro results shows the influence of mould surface 
roughness (0.005 !lm - 0.14 !lm Ra; refer Figure 5.8) would be negligible when 
compared with the much higher roughness of the foam samples. 
6.6.4 Discussion 
In industry various foam surface quality conditions are currently described 
qualitatively to distinct between smooth skin, loose skin, peel marks, rough and 
porous skin surface, voids, knit lines, visible pour pattern and mottling. In this 
research attempt was made to describe foam surface quality quantitatively through 
measurement of foam surface roughness, Sa value. The measure of surface roughness 
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can provide quantitative assessment of foam surface quality. Low surface roughness 
value representing a smooth skin which is essential to application such as foam 
cushions. The foam surface is exposed to rubbing stresses, even if the cushion is 
covered. Poor surface quality with high surface roughness (Sa) value will be more 
susceptible to abrasion and degradation. 
Because of higher demands of the market for products of high quality, the 
capabilities of quantitative testing for quality control and product characterisation become 
more and more important. Quantitative specifications can be set through Sa value by 
the customers and used by the foam moulders as a quality control measurement. 
Quantitative measure of surface roughness meeting the technical specification are able 
to provide assurance the quality of the foam free from defects such as voids, peel 
marks, rough and porous surface, shrink marks and mottling. 
It was clearly observed that there was an unexpected trend and large variation 
in the recorded macro surface roughness at 60°C but at the same time there was no 
similar effect noted in the micro surface roughness. Therefore it is unlikely to suggest 
that there was a chemical change. The unexpected effect on the waviness or macro 
surface roughness seems to suggest that there was unstable blowing and gel reaction 
rate occurring at 60°C resulting in more gas bubble trapped at the foam surface when 
the foam gels at this particular mould temperature as compared to 70°C and 80°C. 
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ter 7 
Effects of Mould Temperature on 
Foam Density 
7.1 Introduction 
In polyurethane foams, the density is defined by the weight to volume ratio of 
the foam and is expressed in kg/m3• The entire volume of the test specimen on which 
the density is determined is used for calculation, and not only the volume that is filled 
with the mass of the polymer (OerteI1994). 
Flexible foam physical properties such as hardness, compression load deflection 
and indentation load deflection are linked to the foam density. Thus foam density is often 
the first physical property to be determined in the polyurethane foam industrial 
application and specification. 
The knowledge of the density gradient in foam-moulded part is also important for 
characterisation of the influence of the flow path. Diagrams that show the density gradient 
through a foamed part provides the process chemist or engineer with valuable evidence 
for optimisation of formulation, design and filling technique. 
7.2 Aims 
The aim of this experiment is to analyse and quantify the effect of mould 
temperature on various aspects of flexible foam density such as initial overall foam 
density (immediately after demoulding) Pinitial and overall foam density (after 14 
days), P14days' Analysis will also be conducted on foam core density at specific Region 
of Interest (RoI) to determine the density distribution at various location (RoI) across 
the foam part. 
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7.3 Density of Moulded Flexible Foam 
Two types of flexible foam categorised by their density are, low-density and 
high-density (Landrock 1995). Low-density flexible foams have mostly an open cell 
macro structure with densities in the range of 10 kg/m3 to 80 kg/m3• 
High-density flexible foams are defined as those having densities above 100 
kg/m3 which includes moulded self-skinning foams and micro-cellular elastomers. 
The density of self-skinning foams with an open-cell core are usually in the range of 
450 kg/m3 - 500 kg/m3 while the micro-cellular elastomers have very small c1osed-
cells with much more uniform densities in the range of 400 kg/m3 - 800 kg/m3 (Oertel 
1994; Landrock 1995). 
Following is a list of material densities some of which are used in the 
experiments later (OerteI1994; 1995; Randall and Lee 2002); 
• Glass (ordinary) 2500 kg/m3 
• Perspex 1190 kg/m3 
• Water 1000 kg/m
3 
• High-density flexible foams above 100 kg/m3 
• Low-density flexible foams 10-80 kg/m3 
• Air (at sea level) 1.225 kg/m3 
7.3.1 Standard Test Methods for Density 
There are a number of established standard test methods for determination of 
foam density including; 
• ASTM D3574 - 95 Test A (ASTM 1995). 
• BS 4443: Part 1: 1979 (BS 1979). 
• DIN EN ISO 845 (DIN 1995). 
ASTM D3574 is among the most widely used in the flexible moulded foam 
industry and was also used at the industrial site where the moulding experiments were 
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conducted (Collins & Aikman) and by the site's material raw supplier, Huntsman 
Polyurethanes. 
7.3.2 ASTM 03574 - 95 Standard Test Methods for Flexible 
Cellular Materials (Moulded Urethane Foam) 
The ASTM D3574 Test A: Density Test (ASTM 1995) specifies the general 
test conditions, sampling, sample size and number, scope, procedure, calculation for 
measuring and reporting foam density. The standard specifies that the foam sample 
should measure at least 0.1 m2 (320 mm x 320 mm) and preferably as thick as the 
production moulded part but at least 25 mm. 
The standard recommends tests to be performed more than 7 days after the 
foam has been manufactured. The samples shall be conditioned undeflected and 
undistorted in an environment of known temperature and humidity for at least 12 
hours before being tested. The standard stipulates that one sample shall be tested and 
the determination of the density is by calculation from the mass and volume of the 
sample. Results reported shall be the median of a minimum ofthree measurements. 
7.4 Overall Foam Density 
These experiments were performed to gain a basic understanding on the 
overall density of parts moulded at different temperatures. This would then form the 
basis for deeper analysis (section 7.4). 
Two procedures were implemented for the determination of the overall foam 
density: 
• initial overall foam density; Pinitial 
• overall foam density after 14 days; PI4days 
It was anticipated that some form of general trend would be seen on the 
relationship between the foam density and mould temperature. 
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In both procedures to detennine Pinitial and P14days' the following tasks were 
undertaken:-
1) Recording the mass of foam sample by weighing on a precision 
balance. 
2) Recording the foam sample physical dimensions; 
a. assuming the mould cavity volume as initial volume of foam 
(Pinitial ). 
b. using a vernier callipers to measure the volume of foam (for 
P14days)' 
c. recording the shrinkage in X, Y and Z (for P14days)' 
3) Calculation of foam density. 
4) The limitations and assumptions in this methodology were accepted at 
this stage to get an initial indication if there was any effect on overall 
foam density prior to evaluating and adopting a more rigorous method 
for precise quantification of foam density using a non-contact method 
such as Computer Tomography scanning. These were: 
a. Pinitial: the assumption that the foam initial volume was equal to 
the mould cavity volume, 320 cm x 320 cm x 25 cm, a close 
assumption since all samples completely filled the mould cavity 
when moulded. This assumption was made as the foams are 
shrinking continuously and with a high initial shrink rate. 
b. P14days: the assumptions made in using a contact method such 
as a vernier calliper for measuring the foam dimensions was 
that all the foam samples were of regular prismatic square 
cuboids with unifonn cross-sections in all the planes. 
c. P14days: the Ilmitations that had to be accepted in using vernier 
callipers was the possibility that they might slightly squeeze the 
flexible foam during measurement. To minimise this 
possibility, each measurement in x, y and z was done with 
utmost care on a table with the eye level very close to the 
calliper and repeated three times at different locations (Figure 
7.1) before recording the mean measurement. 
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Figure 7.1: Foam sample measured at various locations. 
7.4.1 Methodology - Overall Foam Density after 14 days ( PI 4days ) 
As prescribed by the ASTM D3574 (ASTM 1995) Standard Test Method for 
Flexible Moulded Foam the samples were stored at a temperature of 23 ± 2°C and 
humidity of 50 ± 5%. The measuring equipment used to measure the temperature and 
humidity was a Vaisala Humidity and Temperature Indicator model HMI31. 
In this experiment all the foams were tested on the 14th day after manufacture. 
The foam samples' overall size (length x width x height) were measured using a 600 
mm and a 150 mm Mitutoyo vernier callipers and the mean of three measurements 
recorded for calculating its volume (refer Figure 7.1). 
7.5 Overall Foam Density - Preliminary Results and 
Discussion 
7.5.1 Results - Initial Overall Foam Density 
Figure 7.2 shows a slight trend of high density at low temperature (30°C, foam 
density in the range of 57 kg/m3) and lower density foam moulded at higher mould 
temperature (80°C, foam density in the range of 55 kg/m\ This is attributed to higher 
reaction rate at high mould temperature releasing more carbon and oxygen in the form 
of CO2 gas resulting in lower overall foam mass and thus lowering the foam overall 
density (Niyogi et al. 1999). 
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Figure 7.2: Initial overall foam density immediately after demoulding. 
7.5.2 Results - Overall Foam Density after 14 Days 
Similarly the overall foam measurements after 14 days were recorded for each 
sample. Figure 7.3 shows overall foam density after 14 days plotted against mould 
temperature. Figure 7.3 indicates that foam with higher density was moulded at lower 
temperature (30oe, foam density in the range between 66 kg/m3 - 69 kg/m3) and lower 
density foam at higher temperature (600e, foam density in the range of 58 kg/m3 - 59 
kg/m3). However, at mould temperature of 700e and 800e there was a slight increase 
in foam density in the range of 60 kg/m3 - 61 kg/m\ 
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Figure 7.3: Overall density of foam samples after 14 days . 
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7.5.3 Comparative Results between Initial Measurements and 
Measurements after 14 days. 
Figure 7.4 show the initial overall foam density, P il1ilial' and overall foam 
densi ty after 14 days, P 14days ' results together in order to indicate changes in density . 
Both results shown in Figure 7.4 indicated a trend of high overall density at low 
mould temperatures and a lower overall density at high mould temperature. This trend 
was more pronounced for overall density after 14 days as compared to initial overall 
density. This trend was reversed towards the high mould temperature at 70°C and 
80°C resulting in a slightly upward curve indicating an increase in overall density 
after 14 days due to the increasing lateral shrinkage. Foam moulded at 80°C exhibited 
a higher shrinkage as compared to foam moulded at 70°C and 60°C respectively . 
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Figure 7.4: Overall density of foam samples initially and after 14 days. 
Density recorded after 14 days showed an increase in all the samples. The 
increase in overall density is attributed to shrinkage in the foam (Appendix 6) and an 
overall increase of about 2 grams in foam mass (Appendix 7) due to absorption of 
moisture from the environment over the continuous curing period after moulding. 
Since the flexible foam morphology is mainly of an open cell structure it is very 
porous and therefore highly susceptible to absorption of moisture from the 
environment. The open cell structure of the foam will be shown later in Chapter 8. 
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The shrinkage (Figure 7.S and Figure 7.6) is the major contributing factor 
towards the increase of foam density after 14 days as compared to initial foam 
density. Similar to other foam materials, flexible foam undergoes shrinkage over time 
from demoulding until complete curing. It was found that the shrinkage factor varied 
with mould temperature. Figure 7.S shows shrinkage in lateral dimensions after 14 
days. Foam moulded at 30°C recorded a shrinkage between 1 % to 3% in foam length 
and width. Shrinkage showed a gradual increase from 1 % to 2% for foam moulded at 
40°C to 80°C. 
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Figure 7.S: Shrinkage in foam length and width after 14 days. 
Figure 7.6 shows the shrinkage in thickness after 14 days . At 30°C the high 
shrinkage of between 10% to IS% in foam thickness contributed to a high increase in 
foam density. Foam moulded at 40°C showed shrinkage of between S% to 7% in foam 
thickness as compared to 2% to 3% shrinkage recorded between SOoC to 80°C. 
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Figure 7.6: Shrinkage in foam thickness after 14 days. 
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The varying shrinkage of foam samples with mould temperature was 
suspected to be due to a different foam cell morphology formed when moulding at 
different temperature. This was also believed to be the contributing factor in 
influencing the general trend of high foam density at low temperature and low foam 
density at high mould temperature. Foam density is suspected to be directly related to 
foam cell size. An area of foam packed with small cells is likely to have high density 
as compared to an area of foam with a larger cell size (Figure 7.7). Areas with small 
cells are more compact and much denser than an area with large cells. The foam cell 
size will be investigated in Chapter 8. 
Area with small cells have 
thicker walls and are more dense 
Area with large cells have 
thinner walls and are less 
Figure 7.7: Small cells and large cells. 
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7.6 Foam Core Density at Specific Regions of Interest (Rols) 
The overall foam density results obtained from the previous manual 
measurements indicated a general trend in the effect of mould temperature on foam 
density. The overall foam density measured and analysed the density of the whole 
foam sample. However, the foam density varies with location such as the centre, top, 
edges, corners, regions close to foam surface and foam skin (Harbron et al. 2001). 
Thus an in-depth study on the foam core density was undertaken to quantitatively 
analyse, with much more accuracy the effect of mould temperature on part density at 
specific Regions of Interest (RoIs) . 
To achieve this, Computerised Tomography scanmng (CT scanning), also 
known as Computed Axial Tomography scanning (CAT scan) was used to scan the 
overall foam samples. CT scanning is a non-contact technique, thus does not squeeze 
the foam, and is therefore capable of providing more accurate and reliable results 
when measuring foam density. CT scanning provides the capability to analyse a more 
specific area or Region of Interest (RoI) rather than overall foam density. 
Selecting specific Regions of Interest (RoIs) at various representative 
positions in the foam core would reduce the amount of data gathered to make the 
scope of the research manageable. 
Another reason for utilising CT scanning to quantify the foam core density 
was the difficulty in cutting and preparing foam samples from the identified RoI. 
Unlike micro-cellular foam or other rigid materials that can be easily cut into exact 
shapes, flexible foam samples are very soft, making it almost impossible to cut the 
foam into a shape that is suitable for accurate measurements. 
The use of CT scanning allowed the quantification of foam core density 
without physically cutting foam core sections which would inevitably result in 
inaccurate results due to: -
• difficulty to cut out exactly same size of foam core from each sample. 
• difficulty to cut out foam core at exact RoI location for all foams sample. 
• difficulty to cut exact cube-shaped foam feasible for measurement Gagged 
surfaces on foam surfaces) 
Cryoslicing or cryosection is a frozen section procedure most often used in 
oncological surgery, the branch of medicine that deals with turnors, including study of 
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their development, diagnosis, treatment, and prevention. Cryosectioning is a 
destructive analysis method conducted at frozen temperature when slicing in the 
cryostat (Wang et al. 2005; Zierold et al. 1994; Wrolewski et al. 1980). However 
laboratory tests showed that flexible foam samples, when frozen in liquid nitrogen, 
become very fragile and tend to break into pieces while handling and cutting with a 
scalpel. For this reason the cryoslicing method was not considered as a viable option. 
7.6.1 Background of Computerised Tomography Scanning 
The word "tomography" is derived from the Greek lamas (slice) and graphia 
(describing) refers to imaging by sections or sectioning (Gardner 1995). 
Computerised tomography was invented in 1972 by Godfrey Newbold Hounsfield as 
a medical imaging tool. The CT scan machine is a doughnut-shaped machine (Figure 
7.8) that uses advanced x-ray technology to take images of cross-sections of the body, 
called "slices". A patient lies down on a platform, which slowly moves through the 
hole in the machine. The X-ray tube is mounted on a movable ring around the edges 
ofthe hole . The ring also supports an array of X-ray detectors directly opposite the X-
ray tube. A motor turns the ring so that the X-ray tube and the X-ray detectors revolve 
around the body. 
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Figure 7.8: Phi lips Mx 8000 CT scanner used to scan foams. 
As the X-ray tube is rotated around the object to be scanned, the X-ray sensors 
positioned on the opposite side of the circle from the X-ray source generate X-ray 
slice data (Figure 7.9). Computerised digital processing is used to generate a three-
dimensional cross-sectional image of the internals of the patient from a large series of 
two-dimensional X-ray images taken around a single axis of rotation (Schreurs et al. 
2003). 
Figure 7.9 : Diagram showing relationship of X-ray tube, patient, detector, 
and image reconstruction computer and display monitor. 
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Numerous data scans are progressively taken as the patient is gradually passed 
through the gantry. A mathematical procedure known as tomographic reconstruction 
is used to combine together the data scans into an image. Each image reveals a 
different level of tissue that resembles slices (Webb 1990; Mirzaei et al. 2005). 
7.6.2 eT Scan Applications 
A CT scanner is a machine used mainly in medical application by radiologists 
as an imaging tool to diagnose certain diseases. In the engineering sector, the 
industrial application of CT scanning is expanding in areas such as geometric 
inspection of internal geometries of complex parts such as engine-blocks and 
cylinder-heads (Blessing 2001). While in the petroleum industry CT scanning is used 
to image entire core samples dug from oil reservoirs . 
Elliott et al. (2002) used a 3D computed microtomography to examine the 
mechanisms by which an irregular flexible foam material deforms under compression. 
Parallel x-ray beams were focused onto a specific section of foam compressed 
between two plates. An open-cell flexible foam was imaged in situ at a range of 
compressive strains using local area X-ray microtomography. 
7.6.3 Hounsfield Unit and File Format 
Continuous scanning by scanners placed around the ring captures the density of 
the entire volume of the scanned object. Although the data capture through CT 
scanning is a continuous process, the image representation is discrete, represented in 
slices and volumetric pixels (voxels) . The thickness of the slice image can be varied 
from 0.8 mm to 20 mm, according to the requirements. Each slice is made up of 1024 
x 1024 voxels. Each voxel is a building block of the whole scan image. The size of 
each voxel depend on the scanning resolution and slice thickness selected. Images 
obtained from CT scans are represented as a pixel map of the tissues or materials. 
The signal intensity recorded by CT scanner for each voxel is directly 
proportional to the electron density of the material within that voxel, which in turn 
relates to the atomic number of the atoms in the material, and also to its physical 
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density (De Vleeschouwer 2004; Mirzaei et al. 2005). Each voxel is assigned a CT 
number depending on its average density, called Hounsfield unit (HU) after Godfrey 
Hounsfield. HU is a scale which CT maps its signal intensities, with a HU of -1000 
being the signal from air, HU of -110 for fat and 40 HU for muscle (De 
Vleeschouwer 2004; Mirzaei et al. 2005) 
CT can also resolve the average density of a selected region by averaging the 
density of all the voxels in the selected region. 
A calibration procedure based on the linear scale can easily be used to convert 
HU to physical densities in kg/m3. On the basis of the relationship between densities 
and linear attenuation coefficients of standard samples, densities derived from CT 
scans are consistent with those by the mass/volume method irrespective of their 
compositions (Ashi 1997). 
The raw scan data from CT scans are m DICOM (Digital Imaging and 
Communications in Medicine) format which need to be translated into Analyze format 
before any analysis work could be done. Analyze format contains the images as a 
volume, rather than the DICOM approach which is one image per file . Analyze 
consists of a small .hdr file which contains details like scan number, type of scan, 
image dimension, slice thickness, pixel size, etc and a . img file which stores all the 
image data in one file. 
Software such as Mimics, MRIcro and ImageJ can be used to translate files 
from DICOM format into Analyze format for viewing and analysis. Mimics software, 
from Materialise, is an interface to scanner images (CTIMRI) for different 
applications such as Rapid Prototyping (RP), Computer Aided Design (CAD), Finite 
Element Analysis (FEA), Computational Fluid Dynamics (CFD) and Surgery 
Simulation. 
7.7 Experimental Plan and Methods for eT Scanning 
7.7.1 Experimental Aim 
The aim of this experiment was not to resolve the density of each individual 
foam cell but to resolve or obtain the foam average density at various selected 
regions. The CT cannot resolve individual foam cells but the CT will give the average 
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density of a selected area, e.g. RoI B2, which consist large number of cells 
represented by a large number of voxels. 
7.7.2 Set-up Procedure 
CT scanning was conducted under controlled temperature of 23 ± 2°C and 50 
± 5% relative humidity. CT scanning was conducted on samples produced at mould 
temperatures of 30°C, 40°C, 500e, 60°C, 70°C and 80°e. 
A rack fixture with adjustable height legs was designed and fabricated to hold 
the foam samples on the CT scanning bed (Figure 7.10). A spirit level, Torpedo 70 
cm, with an accuracy at normal position of 0.029° = 0.5 mrnIm, was used to ensure 
that the rack platform holding the samples was horizontally located on the scanning 
bed. A Pyrex 250 m1 beaker containing 100 m1 of water was placed on top of the rack 
together with a sample of rigid PU foam for calibration purposes. 
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Figure 7.10: Foams randomly stacked on specially designed rack. 
7.7.3 Randomising eT Scanning Order 
A total of 30 foam samples as shown in Table 7.1, with 5 foam samples from 
each mould temperature ranging from 30°C to 80°C were scanned on the CT scanning 
machine. The foam samples were placed on the rack (Figure 7.10) to hold the samples 
during scanning. Five scanning sessions, labelled Scan 1 to Scan 5, were conducted to 
complete the CT scanning on the total of 30 foam samples. 
Before the scanning operation the foam samples were sorted in a random 
manner to ensure that no drift effects from the CT scanner, if any, would affect the 
results . This was accomplished by ensuring that no one single row or column had a 
duplicate sample from either the same mould temperature or shot number (Table 7.1). 
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Scan 1 Scan 2 Scan 3 Scan 4 Scan 5 
°c Sample °c Sample °c Sample °c Sample °c Sample No. No. No. No. No. 
Level 
6 60 5 50 9 30 2 80 4 40 4 
Level 
5 40 1 70 2 60 4 30 3 80 5 
Level 
4 80 6 40 3 50 1 70 6 30 7 
Level 
3 50 4 60 7 80 7 40 7 70 5 
Level 
2 70 3 30 4 40 5 60 3 50 8 
Level 
1 30 6 80 1 70 7 50 5 60 1 
Table 7.1: Order of foam samples for each scanning operation. 
7.7.4 Selection of eT Scanning Parameters 
The CT scanner used was a Philips Mx8000 IDT system that can acquire 
images at a resolution of 512 x 512 or in high resolution at 1024 x 1024, the latter 
providing a sharper image but requiring a longer scanning time. The minimum 
thickness for slice image representation was 0.8 mm (Figure 7.11). 
The unit volume for which the CT value is acquired depends on the slice width 
of scanning and the scanning resolution. A scanning resolution of 1024 x 1024 matrix 
was selected to provide a total of 1024 x 1024 voxels (volumetric pixels or unit 
volume) of building block images for each slice representing the scanned foam 
materials. The size of each unit volume or voxels was 0.49 mm x 0.49 mm x 0.8 mm, 
where 0.49 mm was the in-plane image resolution and 0.8 mm was the slice thickness. 
The CT assigned each voxel a Hounsfield unit depending on its average density. 
Selecting the above parameters allowed the selection of various regions to analyse 
foam density at any specific location or region of interest. 
CT will give the average density of a selected area which contains a large 
number of voxels representing a large number of foam cells to give fairly accurate 
foam average density for the selected regions of interest. The level of confidence on 
the ability of the CT used in this experiment to resolve and return an accurate 
measurement is further strengthened by its ability to resolve the density of air 
surrounding the rack which was recorded to be -1001.02 as compared to standard 
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value of -1000. Ashi (1997) in his research work reported that densities derived from 
eT scans are consistent with those by the mass/volume method irrespective of their 
composi tions. 
In-plane Z-axis 
~~--------------~ 
image resolution+ 
(0.49 mm) 
·IIII I I II I I IIIIIIIIII I I I II I III II I~ X-axis 
In-plane image resolution (0.49 mm) 
Through-slice 
image thickness 
(0.8 mm) 
400 slices / 320 mm 
Figure 7.11: In-plane image resolution and through-slice image thickness on eT 
images of foam sample. 
More than 400 slices of scan images were captured in DIeOM format for each 
foam sample. The orientation of the part in the eT scanner was the same as in the 
mould. Each slice from the eT scan was saved in a single DreOM file of about 2.0 
MB. A high-end specification computer was used to process the more than 400 slices 
in DreOM format and translate into an uncompressed Analyze file size close to 1.0 
GB. 
7.7.5 Calibration of HU to Kg/m3 
For calibration purposes three materials of known density was used: 
• water ( p woter = 1000 kg/m3) 
• air surrounding the eT scanning machine ( Pair = 1.225 kg/m3) 
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• and three cubes of rigid PU foam of which density was ascertained using 
the mass/volume method 
These materials were scanned together with the foam samples and their 
respective HU and physical densities was used to plot a HU-Density calibration chart. 
Using the calibration chart the physical densities for each foam sample could be 
determined. 
7.7.6 Measurement of Rigid PU Foam Density 
Three cubes of rigid PU foam to be used in the calibration exercise were 
precision cut using a CNC machine. The density of the rigid PU foam cubes were 
calculated from its mass and volume. 
7.7.6.1 Measurement of Rigid PU Foam Mass 
The mass of the rigid PU foams was quantified using a Stanton Unimatic 
precision weight balance (Figure 7.12) which had a resolution of 0.0001 g. The 
precision weight balance machine was calibrated prior and after use to ensure 
measurement reliability. The measurement was conducted in a controlled temperature 
and humidity. The room temperature range and humidity of 19.8oC - 19.90C and 
48.2% - 51.0% respectively. 
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Figure 7.12: The Stanton precision weight balance. 
Rigid PU Foam sample 1 weighed = 4.3056 g 
Rigid PU Foam sample 2 weighed = 4.3225 g 
Rigid PU Foam sample 3 weighed = 4.3137 g 
7.7.6.2 Measurement of Rigid PU Foam Volume 
A Mitutoyo Vernier height gauge with a resolution of 0.02 mm was used to 
measure the length, breadth and height of the rigid PU foam. A 50 mm calibrated slip 
gauge block was used to check the accuracy. 
Each of the rigid PU foam dimensions (length, breadth and height) was 
measured five times using the Mitutoyo Vernier height gauge and the average of five 
readings was calculated as shown in Table 7.2. 
Length Breadth Height 
(mm) (mm) (mm) 
35.90 50.00 49.98 
35.86 49.98 49.98 
35.90 50.00 49.96 
35.92 49.98 49.98 
35.96 50.00 50.00 
~5.91 ~9 .99 ~9.98 
Table 7.2: Measurements for rigid PU foam sample. 
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7.7.6.3 Measurement of Rigid PU Foam Density 
The volume of rigid PU foam 0.0000897 cubic meter and the 0.0043056 kg. 
From, density = mass / volume 
= 48 kg/m3 
7.7.7 Calibration of Physical Density from Hounsfield Unit 
For calibration, a beaker with 100 ml of water, rigid foam of known density 
(as shown previously in Figure 7.10), and the air surrounding the foam samples were 
scanned five times (Scan 1 to Scan 5) together with the foam samples. 
The foam core density was measured over an area or region (RoI) with a 
diameter of 15 mm on the cross-section of the slice surface, which covers a large 
number of foam cells (Figure 7.13a and Figure 7.13b). The experiment did not 
measure the density of each individual cell. 
Z-axis 
X-axis 
CT resolve the 
average density of 
flexible PU foam in a 
selected area that 
consist a large number 
of cells. 
Figure 7.13a: Enlarged scanned image of flexible foam. 
""-"'-. .. ( ) \..------Z-axis 
X-axis 
CT resolve the 
average density of 
Rigid foam in a 
selected area that 
consist a large number 
of cells. 
Figure 7.13b: Enlarged scanned image of rigid foam. 
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The average Hounsfield unit from all the results obtained from the eT images 
are shown in Table 7.3 together with their known physical density. 
Scanned Average Density 
aterials Hounsfield (kg/m3) 
Unit 
(from 5 scans) 
Water 26.21 1000 
Rigid PU foam -954.48 48.00 
Air -1001.02 1.225 
Table 7.3: HU and density of water, rigid PU foam and air. 
Figure 7.14 shows the calibration plot for converting HU to density (kg/m3) 
across the range anticipated for the flexible PU foam. 
-1 000 -800 
H V- D e n s ity Ca libration Chart 
y = 0 .971 5x + 974.57 
R ' = 0.99 
-600 -40 0 
H o und ,fie ld U nit 
Water 
( H U 26 .2 1, 
1000 kg/ m3 ) 
-200 
Figure 7.14: Calibration chart used for conversion ofHU into density. 
§ 
Q 
o 
Using the calibration chart the physical densities for each foam sample could 
be determined from their Hounsfield unit obtained from the CT scan. An example of 
PU foam T60 from Scan 1 with a HU of -946.04 was determined to have a density 
from the chart of 56.76 kg/m3. 
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7.7.8 Selection of Rol 
The CT images provide the ability to analyse the foam core density at any 
location through-out the volume of over 400+ x 400+ x 40+ locations (refer Figure 
7.11). To reduce the data size and complexity, nine locations or 'Regions of 
Interest'(RoI) were identified and measured to provide representative data from an 
evenly distributed area within the foam samples. The RoIs were assigned notations 
from Al to C3 as shown in Figure 7.15. RoIs AI , A2 and A3 are in a row located on 
the back section of the foam samples while RoIs B 1, B2 and B3 in another row on the 
middle section and row of RoIs Cl, C2 and C3 are on the front section. The RoIs 
were situated in the core-section of foam thickness as shown in the section view of 
Figure 7.15. 
N 
I" 1jI4 N/2 • 
3N/4 Al x A2 x 
A 
N Measured RoIs 
N/2 
_. ~.- . -Bi '~ . - . ----e~ 
N/4 
i Yf \x.is Cl x C2 x 
~x-axis 
Circular area 
173.66mm'~ 
z-axis l~ ;;tl ~x-axIs 
• 
3N/4 
• 
A3 x 
-' ---B~ '-
C3 x 
Plan vIew 
Section view 
1111 11 11 11 1111 11 11 111111 11 111 1111 1111111 11 1111 11 11 111111 11 1111 11 
Slice 400+ 
Slice 300+ 
Slice 200+ 
Slice 100+ 
Slice 0 
PixelO Pixels 100++ Pixels 200++ Pixels 300++ Pixels 400++ 
Figure 7.15: Plan and sectional views on 'Regions ofInterest' to quantify 
foam core density. 
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The exact RoI locations to be analysed were determined by calculating the 
total number of slices (N) in both X and Y directions and then dividing them 
accordingly into N/4, N/2 and 3N/4 as shown earlier in Figure 7.15. 
As stated in Section 7.3.3 and shown in Appendix 6, the size of the foam 
samples produced at varying mould temperatures shrink at varying degrees in X, Y 
and Z axis. The exact location of each RoI in relation to the heating channels and flow 
profile of the mould would be difficult to be determined exactly after foam shrinkage. 
Figure 7.16 shows the location of heating lines and the flow profile while foam 
moulding process before the foam samples are demoulded and shrinkage sets-in. 
Ir- I 
I I I I Heating 
Mould I I I I channel 
cavity below ~ I I the mould I I surface 
i I I I • I 
i I I I ~ i I I I I I Outer 
I I I I I I I mould w~ l1 
I~i I I I I I I 
Inlet i I I I I I I I i Outlet 
flow 
_1.! i L... .. ..... ~ : L_ .. ~~ i flow 
-+ I ===+- -+ 
Figure 7.16: Location of heating line and flow profile in mould used to produced 
foam samples. 
Mimics software was used to quantifY the foam core density at RoI Al to RoI 
C3. The area was selected at each RoI for all the five scans using the available tools 
to measure density provided by the software. The mean density for each RoI was 
given in Hounsfield units . Figure 7.17a shows the CT image from Scan 1 at the Slice 
Number 248.78 in the frontal direction (X-Z plane) representing RoI AI , A2 and A3 
for each sample. While Figure 7.17b shows the CT image from Scan I at the Slice 
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Number 83.19 in the frontal direction (X -z plane) representing RoI Cl , C2 and C3 for 
each sample. 
~ - - - -- - -~ - - - . - - -
Figure 7.l7a: Density in RoIs AI , A2 and A3 given in Hounsfield unit. 
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Figure 7.17b: Density in RoIs Cl , C2 and C3 given in Hounsfield unit. 
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The results from the CT images were recorded as shown in Table 7.4 for Scan 
1. Results are tabulated according to RoI given in matrix of columns A, Band C and 
rows 1, 2, and 3 according to their stacking order. The top most level is labelled as 
Level 6 and the lowest as Level 1. The Hounsfield units for each RoI are recorded in 
the left hand columns and their corresponding physical density converted using the 
calibration chart (refer Figure 7.14) are listed. 
CT Scan 1 
Hounsfield unit 
Density (kg/m3) 
Fr;>!!!L ~ =mx.+,~; Y::p~.9!~5x:!:.274.¥" 
1 
.. 
2 3 
"'//" 
Level 1 
6 A -940.43 -946.57 -945.39 A 60.85 54.88 56.03 
60°C B -954.24 -954.43 -961.81 B: 47.43 47.25 40.08 
60_5 e -939.08 -946.25 -949.15 60_5 e 62.16 55.19 52.38 
2 3 .. . 11i: .... .. 2 .. ~ .. .3 ... ~ .... 
Level Level 
5 A -941.98 -938.06 -942.52 5 A 59.34 63.15 58.82 
40°C 
I 40°C B' -960.21 -956.61 -961.66 6 41.63 45.13 40.22 
40 1 cl -935.91 -936.16 -932.24 40_1 e 65.24 65.00 68.81 '\' ...... 
"'-''W'''''' 
1 2 3 
.v" ... 3. 
Level j Level I I 
>4 AI -950.64 -935.76 -939.59 4 Ai 50.93 65.39 61.66 ~ , 
'sooe 6j -961.56 -958.57 -961.90 80°C 6 40.32 43.22 39.99 
SO_6 Cl -940.60 -937.78 -944.63 80_6 e 60.68 63.42 56.77 
,'1 
i i 2 3 2 3 
Level Level 
3 Aj -946.63 -945.67 -945.25 3 A 54.82 55.76 56.17 
. 50°C 1 -955.16 -954.37 -961.68 50°C 6 46.54 47.30 40.20 61 
""CL 
50_4 e -933.69 -937.06 -941.66 50_4' e 67.40 64.12 59.65 
2 3 2 3 
Level Level : . 
2 A· -926.52 -942.67 -944.63 2 A 74.36 58.67 56.77 
70De 6' -960.19 -958.40 -961.71 70°C 6 41.65 43.39 40.17 
70_3 C: -938.23 -937.70 -939.38 70_3 e 62.99 63.50 61.87 ,. 
,<'t\ 
,""" , 
2 3 2 3 
Level Level 
1 A -900.45 -933.11 -928.10 1 A 99.69 67.96 72.83 
30°C 6. -942.43 -949.32 -961.71 300~:'1 6 58.91 52.21 40.17 
30_6 .. e -919.17 -920.53 .. 30_6 ...... e 81.50 80.18 79.18 
Table 7.4: Scan 1. 
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7.7.9 Selection of Chart 
Five different types of trend lines; linear, logarithmic, polynomial, power and 
exponential were tested on the experimental results obtained for each RoIs to test for a 
best-fit. The quadratic polynomial function was found to be the best-fitting with the 
experimental data on foam core density as shown in Figures 7.18 to Figure 7.22. The 
quadratic polynomial trend line with an Order 2 polynomial has only one valley or 
hill. The trend line reliability check was conducted and showed that the R-squared 
value for each RoIs to be in the range of 0.90 to 0.97 indicating a good fit of the lines 
to the experimental data. 
7.8 Results and Discussion 
The effect of mould temperature on foam core density at various RoIs are 
shown at 4 fairly representative sections on foam samples comprising the middle 
section, B2, back section, A2, right edge section, B3, and front corner section, C3 
(refer Figure 7.15). The average core density for each RoI from all the five scans were 
calculated and tabulated in Appendix 8. This section begins with confidence 
validation in deviation from the core density results recorded. 
7.8.1 Confidence Validation in Deviation 
As previously described in Section 7.6.3 CT scanning is a continuous process 
scanning the foam from one end to the other end. Continuous scanning by scanners 
placed around the ring capture the density of the entire volume wheteher solid, liquid 
or air however the data when digitised is recorded in discrete voxels. The signal 
intensity recorded by CT scanner for each voxel is directly proportional to the 
electron density of the material, which in turn relates to the atomic number of the 
atoms in that material, and also to its physical density. The RV is a scale which CT 
map its signal intensities, with a RV of -1 000 being the signal from air and a RV of 0 
being that of water. 
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The CT scans and records density through measuring the number of electrons 
and represents the density in RD. Through this CT can resolve not only the density of 
flexible foam and micro-cellular foams but also the density of air surrounding the 
foam sample. The density of air was shown to be 1.225 kg/m3 (refer Table 7.3). These 
substantiate confidence that deviation in data recorded in this experiment is the 
genuine variation within the foam part. It is accepted within the foam moulding 
industry that density of parts may be quoted with huge variations. It is not uncommon 
to quote density specification up to ± 20 kg/m3• Thus a range of 14 kg/m3 is 
considered within acceptable tolerance in this industry. The core density results for 
RoI B2 (Section 7.6.2) showed variations mostly in the range of 5 kg/m3 to 10 kg/m3 
for mould temperature between 40°C to 80°C. The deviation recorded at 30°C was 
14.5 kg/m3• 
7.8.2 Results of Mould Temperature on Core Density at Rol 82 
and Rol A2 
Table 7.5 shows the data for foam core density at specific location obtained 
from RoI B2 located at the middle section of foam samples moulded at 30°C to 80°C. 
At mould temperature of 30°C the averaged foam RoI core density was highest at 
57.32 kg/m3 while lowest density of 41.72 kg/m3 was recorded at a mould 
temperature of 60°C. The average core density slightly increased to 42.41 kg/m3 and 
43.09 kg/m3 at mould temperature of 70°C and 80°C respectively. 
Density at Rol 82 
, Scan No. ' """" 1p' l' Mould TemperatUre (le);; 
30 40 50 60 ' 70 80 
, Scan! .,', 52.21 45.13 47.30 47.25 43.39 43.22 
Scan2 55.03 44.49 50.45 40.31 42.70 38.62 
,.Scan3 62.15 46.14 50.02 42.80 39.25 42.80 
Scan4 65.86 47.10 41.67 40.80 44.55 46.70 
Scan5 51.35 49.52 46.44 37.46 42.16 44.09 
Avera2e 57.32 46.47 47.18 41.72 42.41 43.09 
R I +ve Deviation 8.54 3.04 3.27 5.52 2.14 3.62 
ange'J 1.99 " -ye Deviation 5.97 5.51 4.26 3.16 4.47 
.3 Table 7.5. Core densIty of foam m kg/m at RoI B2 at vanous mould 
temperatures. 
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Figure 7.18 shows a graph of the data presented in Table 7.5. This shows that 
at RoI B2 there is a general trend of high density at low temperature and lower density 
at high temperature with a slight increase in density when moulded at 70°C and 80°C. 
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Figure 7.18: Foam core density recorded at RoI B2 for different mould temperature. 
Analysis was also conducted at RoI A2, the back section of the foam samples 
(refer Figure 7.19), to analyse whether the effect of mould temperature was uniform 
through-out the mould or if there was any other contributing factor affecting foam 
density. Foam core density recorded at RoI A2 (Figure 7.19) showed a similar trend 
to overall foam density and core density at RoI B2. Again even though the general 
trend was similar between the three charts a comparative analysis between the results 
on foam core density at RoI A2 shows a higher density compared to the foam core 
density at RoI B2 for all mould temperature from 30°C to 80°C. 
This is attributed to the initial orientation of the dispenser head slightly 
slanting or pointing towards the back section during initial dispensing of the foam 
mixture into the mould. The foam flows to the back section of the mould is inhibited 
by the mould wall which results in higher foam core density than at RoI B2. 
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Figure 7.19: Foam core density recorded at RoI A2 for different mould 
temperature. 
7.B.3 Validation of Results on Core Density at Rol A2 and Rol 
82 against Physically Measured Results 
Validation of density results obtained by CT scan method with density results 
from physical measured samples showed very similar trend of high density at low 
mould temperature and low density at high mould temperature (refer Figure 7.3; 
Figure 7.18 and Figure 7.19). Average densities recorded from the five samples were 
calculated for validation. The highest average density recorded at 30°C by the 
physical method was 68 kg/m3 while using CT scan the recorded density was 65 
kg/m3 and 57 kg/m3 at RoI A2 and RoI B2 respectively. The lowest average density 
recorded was at 60°C with 59 kg/m3 by the CT method and 57 kg/m3 and 41 kg/m3 
for the physical method at RoI A2 and RoI B2 respectively. The trend of a slight 
increase in average density from 70°C to 80°C can bee seen on all the three results. 
This gave evidence that both method of measurement return similar results on the 
effect of mould temperature on foam density. The average foam overall density 
obtained from physical measurement was higher since this measurement method 
includes the foam skin density and density of region just below the skin surface which 
tends to much higher. The average core density results at selected RoIs are lower 
since these measurements do not include the foam skin density. 
-152-
While very close data was recorded between RoI A2 and the physical method, 
there was a significantly large difference between average core density at RoI B2 and 
the overall foam density recorded by the physical method. The large difference was 
not due to the measuring method but was due to the actual average core density value 
at position RoI B2 located in the middle section of the mould. It was suspected that a 
density gradient exists across the foam sample. Further density analysis of the foam 
part at various RoIs would soon establish this fact. Increases in the range of density 
recorded by the CT scanner are attributed to local variations such as knit lines and 
voids. 
7.8.4 Results of Mould Temperature on Core Density at other 
Rols 
Similarly analysis was also conducted at RoI B3 at the right edge section of 
the foam samples (refer Figure 7.15). The foam core density from RoI B3 (Figure 
7.20) revealed a similar trend established in previous charts adding more credibility 
on the effect of mould temperature on foam density. The foam core density obtained 
from RoI B3 similarly indicated a higher density at low mould temperature and lower 
density at high mould temperature with a slight increase in density at 70°C and 80°C. 
The averaged foam core density at mould temperature of 60°C was 39.13 kg/m3, 
39.66 kg/m3 at 70°C and 40.21 kg/m3 at 80°C. 
Comparative analysis between results on foam core density with previous 
recorded RoIs surprisingly shows a lower density at RoI B3 as compared to RoI A2 
and RoI B2. The comparatively lower core density is consistent for all mould 
temperatures from 30°C to 80°C. Dispensing the foam mixture in the middle section 
of the moulds with the dispensing head initially pointing slightly towards the back 
section and later twisting slightly towards the front section allows the foam to flow 
and expand quite freely in the longitudinal or y-axis direction resulting in this region 
with comparatively lower core density. 
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Figure 7.20: Foam core density recorded at RoI B3 for different mould 
temperature. 
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To ascertain the affect of foam dispensing head movements on the foam core 
density, further analysis was conducted on RoI C3 located at the front corner section 
of the foam samples (refer Figure 7.14). The movements and final orientation of the 
dispensing head which was slightly pointing towards the front section was suspected 
to have an influence on the foam core density at the front section ofthe foam samples. 
Figure 7.21 evidently shows the definite trend of high foam density at low mould 
temperature and low foam density at high mould temperature with a slight increase in 
foam density from 60°C onwards as similarly exhibited in previous charts. 
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Figure 7.21: Foam core density recorded at RoI C2 for different mould 
temperature. 
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As suspected the average foam core density recorded at RoI C3 was 
comparatively much higher than average foam core density at RoI B2, RoI A2 and 
RoI B3. The average foam core density recorded was 74.35 kg/m3 at 30°C, 64.64 
kg/m3 at 40°C, 61.00 kg/m3 at 50°C and 58.11 kg/m3 at 60°C. 
The movement and final orientation of the foam dispenser head pointing 
towards the front section contributed to faster foam flow in the direction of the front 
section. The foam flow and foam expansion at the front section was inhibited by the 
mould walls which resulted in regions with highest density. Experimental testing and 
result analysis in the following section 7.6.2 will examine this hypothesis. 
7.8.5 Effect of Rols Position on Density 
The average foam core densities for all the 9 identified RoIs as shown earlier 
in Figure 7.15 are plotted in a single chart to analyse if there exists any trend or 
groupings and deduce what are the probable contributing factor. Due to the final 
orientation of the dispenser head it was suspected that the average foam core density 
of the RoIs at the bottom sections are higher compared to average foam core density 
at other RoIs. The 9 specific regions of interest analysed, from RoI Al to RoI C3, 
covers a fairly representative area of the foam sample. 
Although Figure 7.22 shows all the RoIs have a similar prevailing trend on the 
effect of mould temperature on foam core density, which is high density at low mould 
temperature and low density at high mould temperature with a slight increase in 
density at 70°C and 80°C, the figure also indicated the existence of a side effect of 
RoIs position on density. Figure 7.22 revealed three clusters of foam core density with 
each cluster comprising a band of three RoIs circled in red and labelled accordingly. 
The three clusters are Cluster C consisting of RoIs Cl, C2 and C3, Cluster B 
comprising of RoIs Bl, B2 and B3 and Cluster A consisting of RoIs AI, A2 and A3. 
The separation of RoIs into distinctive clusters is more obvious at lower mould 
temperatures. The formation of Cluster B, the cluster with the lowest density, is 
distinctive from the other clusters through-out all mould temperatures. 
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It is noted that the clusters with the highest density consist of Rols Cl , C2 and 
C3 which are incidentally located at the front section of the foam samples. The 
clusters consisting of Rols A l , A2 and A3 all located at the back section of the foam 
samples formed the second highest in foam core density. Both these sections had 
mould walls perpendicular to the dispensed mixture flow. This impeded foam flow 
and inhibited foam expansion resulting in regions with denser foams. Cluster C 
recorded a slightly higher average core density as compared to Cluster A. This gave 
credence that the movement and final orientation of the foam dispenser head pointing 
towards the front section contributed to faster foam flow in the direction of the front 
section resulting in Cluster C with the highest density. 
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Cluster B the band with the lowest density comprising Rols Bl , B2 and B3 are 
all located in the middle section of the foam samples with mould walls parallel to the 
foam flow. This supported the fact that dispensing the foam mixture in the middle 
section of the moulds with the dispensing head slightly pointing towards the back 
section and later twisting to point towards the front section allows the foam to flow 
and expand quite freely in the longitudinal or y-axis direction resulting in regions with 
lowest core density. 
Mould shape, mould size and foam flow during foam expansion are believed 
to be the contributing factor in forming the three different clusters. Using a larger 
mould could allow free flow of foam mixture before being impeded by mould walls. 
7.8.6 Discussion and Conclusion 
It has been shown by using ASTM D3574 Test A (ASTM 1995) to measure 
the overall foam density and by using the CT scan method to measure foam core 
density at various Rols that mould temperature has an effect on foam density. A 
similar definitive trend occurred for all the Rols foam core density and overall foam 
density. After 14 days there was higher density with low mould temperature and 
lower density at high mould temperature with a slight increase in density at 70°C and 
80DC. It is believed that the variation in core density can be attributed to the cell size 
formed at varying mould temperature. At low mould temperature the cell structure 
would probably be more compact and smaller in cell size as compared to foam cells 
formed at a higher mould temperature. This hypothesis will be tested experimentally 
in the following chapter. The slight increase in density at 70°C and 80°C is attributed 
to the foam shrinkage. The shrinkage of foam from 80DC to room temperature is 
larger than at 70DC. 
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Chapter 8 
Effects of Mould Temperature on Foam Cell 
Size using SEM Analysis 
8.1 Introduction 
The experimental results in the preVIOUS chapters showed that mould 
temperature has an effect on foam surface texture and density. In this chapter, analysis 
using scanning electron microscopy (SEM) was conducted to investigate further why 
this occurred. Past research on various foams system has shown that foam cell size 
had an influence on their mechanical and physical properties (Seefried et al. 1974; 
Bledzki et al. 1996; Lin 1997; Grenestedt 1998). 
8.2 Aims 
Various references, text and j oumal papers report that foam cell size had an 
influence on foam density (Schwartz and Bomberg 1991 ; Hilyard and Cunningham 
1994; Khemani 1997; Park et al. 1998) Thus, in this research it was believed that the 
answer would lie within the foam cell size of the polyurethane foam specimens 
produced at varying mould temperatures. The analysis was conducted to establish the 
effect of mould temperature on foam cell size and to correlate its effect on foam 
density. The information derived could be utilised for problem solving and foam 
quality improvement through improvement in mould temperature control. 
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8.3 Scanning Electron Microscopy 
In this experiment various techniques were considered prior to the selection of 
SEM. Among other methods considered was optical light microscopy. 
Optical microscopy provides the ease of use and ability to analyse samples and 
parameters measured from the test piece directly by projection on to a calibrated 
screen (Akabori and Fujimoto 1980). Generally, depending on its model and 
specification, optical microscopy allows magnification from 100 to 1000 times. The 
major disadvantage is its focus on a plane (only a section is in sharp focus) thus the 
image above and below the focus plane becomes blurred and as the magnification 
increases the depth of focus decreases. It was not possible to cut clean, flat sections 
from flexible foam so optical microscopy could not be used effectively. 
Scanning Electron Microscopy has a large depth of field and does not focus on 
a single plane which allows a large amount of the sample to be in focus at one time 
(Heywood 1971; Lee 1984). A clear three-dimensional appearance of the image is a 
direct result of the large depth of field. The resolving power of electron microscopes 
are orders of magnitude higher than those of optical microscopes. The SEM produces 
images of high resolution and magnification range up to 300,000x. 
The Scanning Electron Microscope features and functions are similar to those 
of reflecting light microscopes. A SEM is a microscope that uses electrons rather that 
light to form an image. These microscopes can be used to obtain material information 
related to crystallography, composition, topography and morphology (Mukai et al. 
1999). 
Most SEMs require the samples to be conductive which can be achieved by 
coating the sample with a material such as gold (Goldstein et al. 1981). The 
combination of higher magnification, larger depth of focus, greater resolution, and 
ease of sample observation makes the SEM one of the most heavily used instruments 
in research areas today. SEM shows very detailed 3-dimensional images at much 
higher magnifications than is possible with an optical microscope. The images 
captured using SEM are known as SEM micrographs which are used to analyse and 
measure sample parameters. 
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8.4 Polyurethane Foam Morphology 
Analysis of polyurethane foam morphology is the study of the foam cell size, 
structure, characteristics, configuration, formation, construction or its arrangement 
(Baurnhakel 1972). Foam cell morphology can be characterised qualitatively or 
quantitatively. Open cell, closed cell, combination of open and closed cell, cell 
orientation (vertical or horizontal), cell uniformity (regular and unvarying) , are among 
cell features that can be easily evaluated qualitatively. Open cells are less dense, more 
flexible and more permeable to air. While closed cells are slightly more rigid, less 
permeable to air thus have low thermal conductivities and insulate better (Randall and 
Lee 2002). 
Among the significant cell morphology features (Rhodes 1980; Schwartz and 
Bomberg 1991; lackovich et al. 2005) that can be quantitatively determined are 
(Figure 8.1): 
1) Cell size, d (microns) 
2) Cell strut thickness, St (microns) 
3) Cell strut length, SI (microns) 
Cell size (d) 
Figure 8.1: Schematic representation of an 
open cell in flexible polyurethane foam. 
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8.4.1 Quantitative Assessment of Cell Size 
In this experiment the morphology feature selected for quantitative assessment 
was the cell size, which was considered as the most informative among the entire 
characteristic by most researchers in various foam systems (Jones and Fesman 1965; 
Rhodes 1980; Reichel and Taylor 1984; Khemani 1997). 
8.5 Experimental Methodology 
8.5.1 Preliminary Overall Cell Size Evaluation 
Whenever a foam cell characterisation is to be undertaken it should begin with 
a preliminary evaluation of the overall foam sample. This is to dismiss the possibility 
of conducting a qualitative and/or quantitative measurement in a region of the foam 
which is not representative of the bulk material. This task was accomplished by using 
an optical measuring machine for preliminary qualitative analysis on foam samples. 
Analysis was conducted through the direction of foam rise (X-Z plane and Y-Z plane) 
and across the overall width (X -Y plane). An enlargement of 12.5 x was found to be 
sufficient for image analysis on all samples. 
To analyse the foam in X-Z plane and Y-Z plane, a box-knife was used to cut-
out a cross-section (Figure 8.2). 
Section removed 
for analysis 
Figure 8.2: MU-214 optical measuring machine used 
to conduct preliminary analysis on foam sample. 
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For analysis in X -Y plane the moulded foam was sandwiched and glued 
between two medium-density-fibre (mdf) boards and frozen solid before slicing it into 
two sections with a band saw (Figure 8.3). Each section was analysed using the 
optical measuring machine and any defects or irregularities noted. 
Foam sliced into 
two sections 
- aXIS boards 
--Figure 8.3: Foam specimen sliced open to analyse 
cell uniformity. 
8.5.2 Preliminary Overall Cell Size Results 
Qualitative analysis conducted in X -Z, Y -Z and X -Y planes indicated smaller 
cells closer to the foam surface and uniform larger cells through-out the foam core. 
These observations confirmed the overall degree of cell uniformity through-out the 
foam core and eliminated the possibility of conducting a quantitative measurement in 
a region of the foam which was not representative of the bulk material. 
8.5.3 Methods for Quantifying Cell Size 
The precise determination of cell size in a flexible PU foam is rather a 
complex task because the planar nature of SEM micrographs (i.e. two dimensional 
projections of spatial cellular structures) and possibly the complication from the 
presence of a distribution in cell size. 
The two main approaches to measure and quantify foam cell size are either 
through computer-interfaced methods or by manual measurements. A computer-
interfaced method uses a commercial software program for image processing before 
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Image analysis is undertaken. There are many commercially available software 
products such as Image-Pro Plus, Optimas and Global Lab. Generally, the software is 
able to measure not only cell size but also the cell perimeter values, maximum and 
minimum chord lengths, shape factor, cell orientation and cell areas. 
In this work the manual measurement method was adopted since it was more 
cost effective when running one-off experiments and had a lower learning curve as 
compared to a software program. Among the different manual measurement methods 
considered for this experiment is the ASTM D3576 (ASTM 1994) and Edge-Length-
Area Measurement Method. 
The Edge-Length-Area Measurement Method assumes that the foam cell is 
best approximated by a pentagonal dodecahedron (Figure 8.4) and can be associated 
with a circumscribed sphere through the vertices of the polyhedron (Hilyard and 
Cunningham 1994). 
Figure 8.4: Sketch of pentagonal 
dodecahedron cell model. 
Cell diameter is then calculated by using appropriate geometrical relationships 
of polygons and polyhedrons. To compensate the existence of other cellular shapes a 
correlation factor can be included in the calculation. The Edge-Length-Area 
Measurement Method is more of an approximation method for determination of cell 
size and thus was considered unsuitable for this experiment. The ASTM D3576 
(ASTM 1994) standard was adopted in this research work for reasons as described in 
the following section. 
-163-
8.5.4 ASTM 03576 
The ASTM D3576 (ASTM 1994) standard is a thoroughly tested and accepted 
method for cell size characterisation where reliable results and conclusions can be 
derived (Schwartz and Bomberg 1991; Hilyard and Cunningham 1994; Khemani 
1997). Originally written for samples mounted between glass plates and an image 
projected on to a screen this method is equally applicable to images acquired with 
SEM or with an optical microscope (Hilyard and Cunningham 1994). Although 
ASTM D3576 (ASTM 1994) is a standard test method for cell size of rigid cellular 
plastics its 'Procedure B' is adapted for flexible foam. While 'Procedure A' is for 
preparation of thin slices of rigid foam samples, 'Procedure B' is meant for foam 
materials that are difficult to prepare in thin slices. The standard assumes that the cell 
shape is spherical and that the variation in cell size is not extreme. The cell size is 
determined from its average chord length. While avoiding areas with broken cells, 
reference lines are drawn randomly over the SEM micrographs to intersect a certain 
number of cells (Figure 8.5). The average cell chord lengths are then worked out by 
dividing the length of the reference line by the number of cells. 
Figure 8.5: Reference lines drawn randomly over SEM micrographs. 
Assuming that that the cells are spherical and that the variation in size is not 
extreme, the size is then calculated from the average chord length using a formula 
and numerical factor to relate the relationship between a two-dimensional 
measurement and a three-dimensional shape. 
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The ASTM D3576 (ASTM 1994) method was adopted in this experiment 
since preliminary analysis using an optical microscope showed that the foam cell 
shapes were spherical with uniform cell size distribution. 
8.5.5 Sample Preparations 
To minimise broken cells, specimens were prepared using a large box- knife to 
cut the foams without freezing them with liquid nitrogen. Samples were prepared and 
measured as specified by the ASTM D3576 Standard (ASTM 1994). A 25 mm (X-
axis) x 25 mm (Y-axis) x full thickness (Z-axis) sample was cut-out from the centre 
of the moulded foam (Figure 8.6 and Figure 8.7). 
Cut-out from 
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Figure 8.6: Foam specimens cut-out from mid-section of moulded foam. 
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The sides of the samples were shaved with the box-knife to give exposed cells. 
Each sample ' s top surface, bottom surface and direction of rise surface was marked 
(Figure 8.7). 
Scan surface 
(X-Z plane) 
measured at 
random 
Z 
Rise direction 
t 
tGx 
25 mm 
, 
, 
T30 6 
14 
Top-surface 
(marked red) 
X-Y plane 
Foam 
Thickness (t) 
Bottom-surface 
(marked green) 
X-Yplane 
Figure 8.7: Labelling, marking and scanning on foam specimens. 
8.5.6 Number of Specimens 
According to ASTM D3576 Standards (ASTM 1994) one specimen IS 
sufficient to determine the apparent cell size of a sample. In this experiment three 
specimens from each mould temperature were prepared. Each specimen was 
measured randomly at three different locations (Figure 8.7) to quantify the cell size to 
generate a more representative data on cell size. This is due to the fact that the 
difference in a single result obtained between each temperature are very small in 
microns. 
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8.5.7 Scanning Experiment 
A LEO 440 electron microscope was used to scan the foam specimens. The 
electron microscope had a resolving resolution of 3.5 nanometres and its 
magnification range from 5x to 300,000x. The resolving resolution is the ability to 
make clearly visible images. The limit on what size can be resolved, irrespective of 
instrument type, is set by the wavelength. The wavelength of visible light in an optical 
microscope is between 400 and 700 nanometres while the resolving powers of high-
quality light microscopes are limited by the wavelength of imaging light to about 200 
nanometres. The disadvantage of using wavelengths smaller than light is that it 
produces no colour but only greyscale images. However this was satisfactory for this 
work. 
The energy of the electron beam was adjustable from 300 volts to 30 kilovolts 
in 10 volts steps and the electron beam current was continuously adjustable from 1 
pico-amp to 1 micro-amp. To suit the flexible foam material and type of examination 
conducted, the electron beam energy was set at 5 kilovolts and beam probe current at 
5 pico-amps. At this particular set-up foam samples did not need to be gold coated but 
still allowed micrograph images of the foam cellular structure to be captured. 
8.5.8 SEM Micrographs 
In order to maintain consistency, SEM micrographs of all foam specimens 
were captured at magnification of 80x and 150x. Micrographs of foam specimens 
captured at 80x magnification (Figure 8.8a and Figure 8.8b) yielded ample number of 
cells required to determine the cell chord length and cell size. Micrographs at 150x 
magnification (Figure 8.9a and Figure 8.9b) provides images ideal for comparative 
analysis on cell strut thickness and cell strut length between foam produced at various 
mould temperatures. 
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Figure 8.8a: Micrographs of foam cell moulded at 300e (80x magnification). 
Figure 8.8b: Micrographs of foam cell moulded at 800e (80x magnification). 
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Figure 8.9a: Micrographs of foam cell moulded at 30°C (150x magnification) 
Figure 8.9b: Micrographs of foam cell moulded at 80°C (l50x magnification). 
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8.5.9 Measuring Cell Size 
Analysis conforming to ASTM D3576 took into account the 3D lattice 
structure. The relationship between a two-dimensional measurement and a three-
dimensional shape of foam cells are factored in by a mathematically derived 
numerical factor of 1.623 (ASTM 1994; Hilyard and Cunningham 1994). 
Reference lines (Figure 8.10) were drawn across the cells. The placement of 
the line was adjusted to start the count to include a full cell at the beginning of the 
line. The reference lines were drawn across an average of ten cells to determine the 
cell chord length, I, which was then used to calculate the cell size. The length of the 
reference line was measured and expressed in millimetres. The length of the reference 
line was then divided by the number of cells counted to obtain the average chord 
length, I, in microns. 
The formula as given in the ASTM D3576 Standard (ASTM 1994), d = 1 
(1.623), was used to calculate the cell size which is reported in microns. 
100 microns 
Figure 8.10: Reference lines drawn across cells to determine cell chord length. 
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8.6 Results and Discussion 
The average cell size and its range from nine results obtained at each mould 
temperature were calculated and a graph plotted as shown in Figure 8.11. The average 
cell size increased with temperature from 502 microns at 30°C to 561 microns at 
60°C. The cell size was about the same size for 60°C, 70°C and 80°C at 561 microns, 
560 microns and 558 microns. Results of the foam cell size in microns are tabulated in 
Appendix 9. 
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Figure 8.11: Average foam cell size at various mould temperatures. 
In relation with results on foam core density at RoI 1 as discussed in Chapter 7 
(Section 7.1.1) the smallest average cell size at 30°C relates to the highest foam core 
density. As the average cell size increased this resulted in lower foam core density 
accordingly. 
Results show a large variation due to various factors such as the existence of 
areas with large broken cells, distorted cells due to the slicing action during sample 
preparation, areas with voids and also sometimes it was difficult to distinguish 
between a single cell and two adjacent cells in the SEM micrographs after slicing. The 
ranges were noticeably higher at the two extreme end of mould temperature, 30°C and 
80°C due to existence of more broken cells formed when slicing the specimen. At 
30°C the cell strut thickness was much thicker and may have been distorted by the 
slicing action when preparing the foam specimen giving rise to a wider range value. 
-171-
Based on the average foam cell size results and using the thickness of the foam 
measured after 14 days (Appendix 6). the number of cells across the height can be 
calculated by dividing the average foam thickness with the average foam cell size 
(Table 8.1). The estimated numbers of cells for all specimens produced at varying 
mould temperature are within the range of 42 - 44 cells. 
Mould 
Average 
Foam Cell Average Foam Calculated 
Temperature Size Thickness Number 
(oe) (mm) (mm) of Cells 
30 0.502 21.98 44 
40 0.524 23.48 42 
50 0.550 24.42 44 
60 0.561 24.26 43 
70 0.560 24.22 43 
80 0.558 24.28 44 
Table 8.1: Number of cells at various mould temperatures. 
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ter9 
Discussion 
This chapter contains a comprehensive chapter-by-chapter discussion of the 
findings of this research work. Chapters prior to this may include some preliminary 
discussion to clarify certain results ofthe work to the reader. 
9.1 Foam Macro and Micro Surface Analysis (Chapter 6) 
Results from both data sets obtained from macro and micro surface analyses 
can be linked to each other. This is shown by the similar trend in both data sets, 
although the Sa values obtained from macro are much higher as compared to the Sa 
value from the micro analyses. The Sa values from macro surface roughness are 
higher since it represents the surface undulation which have a longer wavelength than 
micro surface roughness as described in Section 6.3.1. The experimental results from 
the quantitative surface texture assessment, recorded in Chapter 6, showed that the 
best foam surface with uniform fine surface texture, minimal defects and low Sa value 
in both macro and micro was produced at 50°C. The balance between mould 
temperature and the exothermic foam reaction temperature provided a good blowing 
and gelling reaction rate generating the right amount of C02 gases to form fine and 
uniform foam cell size on the foam surface. 
Foam shrinkage and foam density are also suspected to be contributing factors 
affecting surface roughness and undulation. The same amount of foam material 
dispensed but less volume occupied resulting in net shrinkage in overall foam size and 
overall foam density affects its surface roughness and undulation forming voids and 
leaving shrink marks on the surface. 
Foam produced at low mould temperatures (30°C and 40°C) exhibited high Sa 
values for both macro (undulation) and micro (roughness). Results indicated an 
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increasing Sa as temperature decreased from 40°C to 30°C with the appearance of 
various surface defects such as peeling marks, shrink marks and voids. Peel marks on 
the foam surface are due to the skin peeling off in flakes. It is suspected that at low 
mould temperature (30°C and 40°C) the foam mixture immediately in contact with the 
cold mould surface gelled and cured at different rates compared to the foam core. The 
cold mould inhibited the cross-linking reaction between polyol and isocyanate which 
resulted in the formation of a very soft thin layer of skin that peeled off easily during 
demoulding. 
Shrink marks are small spots on the foam surface that appears to draw 
together. The initial foam expansion artained during exothermic foaming reaction 
appeared to contract and draw together at the foam surface after curing in the cold 
mould resulting in shrink marks. 
Voids are unfilled areas on foam surface due to cold mould inhibiting foam 
rise. The reaction rate between isocyanate and water, the source of C02 gas for foam 
rise, is slower at low temperature thus generating less gas and restricting full foam 
rise. 
The results show that high mould temperatures of 60°C to 80°C produced 
foam with high Sa values in both macro and micro. The Sa value increase as mould 
temperatures increase from 60°C to 80°C. The foam surfaces at 80°C were found to be 
rough and porous since at high temperature the reaction rate between isocyanate and 
water becomes very rapid releasing a large amount of gases in a short period of time. 
The exothermic polymerisation reaction between isocyanate and polyol also becomes 
rapid at high temperature. The combination of both heat sources assists in a rapid cure 
of foam with rough and porous surface from the large amount of gases generated. 
Mortling, areas or blotches with different shades, can be seen on foam samples 
produced at 70°C and 80°C. The combination of high mould temperature and rapid 
exothermic reaction rate between polyol and isocyanate resulted in the evaporation of 
the release agent wax. It is suspected that the almost instantaneous evaporation of the 
release wax agent due to the heat left a mortling effect on the foam surface. 
Results also showed that the location where the foam mixture was dispensed 
into the mould cavity left knit line marks attributed to initial reaction and expansion of 
foam. Knit lines are small wrinkles or creases that appear to form as a line or circle on 
the foam surface. 
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9.1.1 Sudden Shift in Macro Surface Roughness Results at 
60°C 
Results from macro surface analysis indicated a sudden shift in surface 
roughness at 60°C. However results from micro surface analysis and core density 
analysis at the same mould temperature indicated no major change. Thus it is 
improbable that any chemical change occurred at mould temperature of 60°C. It is 
more likely that an unstable reaction rate between the blowing and gel reactions was 
the contributing factor producing and trapping large and different amount of bubbles 
at the foam surface when the foam gels for each of the five foam samples. This 
explains the large variation in the foam macro surface roughness between foam 
samples produced. 
9.1.2 Qualitative and Quantitative Assessment of Foam 
Surface Quality 
Currently foam surface quality is qualitatively described as smooth surface, loose 
skin, peel marks, rough and porous skin surface, voids, knit lines, visible pour pattern 
and mottiing. A 3D laser scanning method was used in an attempt to describe the foam 
surface quality quantitatively. This may be useful as higher demands of the market for 
products of high quality the capabilities of quantitative testing for quality control and 
product characterisation become more and more important. Quantitative specifications 
could be set through Sa values stipulated by the customers and used by the foam 
moulders as a quality control measure. Low surface roughness value representing a 
smooth skin are essential to application such as foam cushions. The foam surface is 
exposed to rubbing stresses, even if the cushion is covered. 
Quantitative measures of surface roughness meeting the technical specification 
may be able to provide assurance of the quality of the foam being free from defects 
such as voids, peel marks, rough and porous surface, shrink marks and mottling. 
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9.2 Foam Overall Density (Chapter 7) 
The three methods adopted to analyse the effects of mould temperature on 
foam density, i.e. initial overall density, overall density after 14 days and foam core 
density at specific RoI's, showed a similar trend of high density at low mould 
temperature and low density at high mould temperature. 
The foam densities produced at higher mould temperatures are lower due to a 
higher reaction rate thus releasing more carbon and oxygen in the form of C02 gas 
resulting in lower foam mass and thus lowering the foam density. The overall density 
after 14 days showed a more definitive trend of high density at low mould 
temperature and low density at high mould temperature. Upon complete curing it was 
found that foam produced at low mould temperature shrink more than foam produced 
at high mould temperature thus lowering the volume and contributing to a higher 
foam density. 
CT scanning has been shown to be a novel and reliable method for quantifying 
foam density. Results from the CT scanning method are more accurate than the 
ASTM method because they do not rely on manual measurements and do not assume 
that the foam samples are exactly box shaped. This can be observed from the smaller 
range of values from CT scan results as compared to ASTM results. 
The foam core density analysis using CT scan on all nine selected RoIs 
exhibited similar prevailing trends as shown from the overall density. Furthermore it 
was found that there was clear evidence of grouping or clusters of density bands. It 
was shown that there exists three cluster of foam core density with each cluster 
comprising a band of three RoIs. The cause was attributed to the mould shape and size 
which affected the foam directional flow during expansion with the mould wall 
inhibiting foam flow. 
It is believed that the variation in core density can be attributed to the cell 
morphology formed at varying mould temperatures. At low mould temperatures the 
cell structure would probably be more compact and smaller in size as compared to 
foam cells formed at a higher mould temperature. This hypothesis will be discussed in 
the following section. The slight increase in density at 70°C and 80°C is attributed to 
the foam shrinkage. The shrinkage of foam from 80°C to room temperature is larger 
than at 70°C. 
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9.3 Foam Cell Size (Chapter 8) 
The results from this experiment show that the number of cells immediately 
after demoulding and the number of cells after 14 days remains the same. The 
numbers of cells for all specimens produced at different mould temperature are within 
the range of 42 - 44 cells but the cell sizes are different due to shrinkage. The cross-
linking reactions are more complete from a hotter mould thus making struts more 
rigid and less susceptible to shrinkage. While cells produced at lower temperatures 
undergo a higher degree of curing after demoulding resulting smaller cell size due to 
greater shrinkage. 
Foam density is directly related to foam cell size. Areas of foam packed with 
small cells have a high density as compared to an area of foam with a larger cell size. 
Mould temperature has been shown to have an effect on foam density due to its effect 
on foam cell size. The conclusion from the cell size comparison is that low mould 
temperature results in small cell size and as the mould temperature is raised the cell 
size increases up to a mould temperature of 600e to 800e where the cell size is about 
the same. 
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Conclusions and Further Research 
The main conclusions from the work are given below and this chapter finishes 
with a review ofthe adopted techniques and recommendations for further research. 
10.1 Conclusions 
1. Mould temperature has been shown to have an effect on foam surface. 
Various effects on foam surface related to mould temperature are shown 
such as smooth skin, loose skin, peel marks, voids, knit lines, rough and 
porous skin surface and mottling. The heat from the tool promotes gel 
formation reaction and blowing reaction. Mould temperature is critical in 
the balancing between these two sets of reactions in order to mould good 
quality parts with smooth surfaces. Laminated tools with a conformal 
heating channel could provide a closer mould temperature tolerance to 
improve foam part quality. Qualitative and quantitative results showed 
how foam produced at 50°C had the finest and uniform surface texture as 
compared with foam produced at other temperatures. Low mould 
temperatures (30°C and 40°C) seem to retard the polymer-forming 
chemistry and resulted in a rough surface with various defects such as 
peeling marks, shrink marks and voids. This is because at low temperature 
the foam is not generating as much C02 and so it does not fully expand 
and fill the mould cavity well. Additionally the cure is less complete and 
the skin is not strong and tears easily. As the mould temperature increases 
above 50°C the surface roughness rapidly increases due to increased 
porosity and mottling. High mould temperatures increased the rate of 
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reaction which generated more C02 resulting in large open cells structures 
on the foam surface. 
2. The results of this study show that macro and micro surface roughness can 
be distinguished on the basis of their Sa value. Previously limited to 
qualitative evaluation, 3D laser scanning method has been shown able to 
provide a quantitative assessment of foam surface texture. 
3. Through imposing one mould temperature (from 30°C to 80°C at an 
increment of 10°C) to mould from part to part this research has established 
that mould temperature has an effect on foam density. Low mould 
temperature resulted in high foam density while high mould temperature 
resulted in low foam density. The impact of this knowledge is that 
designers and manufacturers could have multiple densities in car seats 
(such as dual density bucket design seats) by imposing large mould 
temperature variations at specific mould sections using non-conformal 
heating channels. New and emerging techniques such as Profiled Edge 
Lamination, Stratoconception@ laminate tooling, V-shaped milled groove 
heating system or 3DP mould insert techniques can be adopted to create 
non-conformal passages to impose large temperature variations across the 
mould. Such temperature control has the potential for varying mould 
temperature at different sections of the mould which could vary the foam 
density. Currently dual density seats are manufactured by embedding steel 
frame inserts to give additional support in required areas or by introducing 
pre-prepared foam parts of increased hardness into the mould prior to 
moulding the soft foams or dispensing different foam compositions at 
different sections in the mould (Kleiner et al. 1984). In application where 
dual or multiple density regions is required a trade-off between large 
density variation and foam surface quality would be required. 
4. Variations in foam density could be attributed to foam cell size found in 
foam parts produced at different mould temperatures. Result from SEM 
analysis in Chapter 8 showed the smallest cell sizes were found in parts 
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moulded at the lowest mould temperature (30°C and 40°C) resulting in the 
highest foam density. The cell sizes found were gradually larger as mould 
temperature increases resulting in lower foam density. Small foam cell size 
results in a much denser packing of the foam structure thus resulting in a 
higher foam density. To the same degree as the mould temperature is 
raised the cell size increases up to a mould temperature of 60°C to 80°C 
where the cell size is about the same. 
5. Mould temperature only marginally affects the initial overall foam density. 
The initial overall density exhibited a slight trend of high density at low 
temperature and decreased as mould temperature increased. High mould 
temperatures encouraged quicker foaming reactions releasing larger 
amounts of carbon and oxygen in the form of CO2 gas resulting in lower 
foam mass thus lowering its initial overall density. 
6. The overall density after 14 days indicated a general increase as compared 
to the initial overall density due to an almost uniform increase of 2 grams 
in foam mass on all samples attributed to moisture absorption from the 
controlled environment. The porous foam open cell structure encouraged 
the absorption of moisture from the environment over the continuous 14 
days curing period after mOUlding. 
7. The overall density after 14 days exhibited a more pronounced trend of 
high density at low temperatures and decreasing density at high mould 
temperatures. This is attributed to the varying degree of shrinkage on 
foam samples produced at different mould temperatures. Foam produced at 
low mould temperature shrinks more than samples produced at high 
temperature. Foam moulded at higher temperature is comparatively more 
cured and more rigid and undergoes less shrinkage. Furthermore, density 
results from Chapter 7 show a trend of high density at low mould 
temperature and low density at high temperature with a slight increase in 
density when moulded at 70°C and 80°C due to the coefficient of thermal 
expansion. The slight increase in density at 70°C and 80°C is attributed to 
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the foam shrinkage. The shrinkage of foam from 80°C and 70°C to room 
temperature is larger than from 60°C to room temperature. 
8. The ASTM D3574 (ASTM 1995) method was limited to overall density 
while CT scanning allows discrimination ofthe density between regions of 
interest (RoIs) within the foam samples. Both methods showed that mould 
temperature had an effect on foam density with a similar trend of lower 
density at higher mould temperatures. Density results from CT were 
shown to be marginally lower than overall density results (ASTM) due to 
lack of foam skin in CT results. However both sets of results showed the 
same trends of high density at low mould temperature. Results from CT 
scanning were more accurate because they do not rely on manual 
measurements and assumptions that the specimens are exactly box shaped. 
This can be observed from the smaller range in reported values from this 
method as compared to the overall foam density (ASTM) method. 
9. The initial and final orientation of the dispensing head and the mould 
shape was shown to contribute towards some variation in foam core 
density at various sections within a foam sample. 
a. Back section: The foam mixture was dispensed in the centre of the 
mould with the nozzle slightly pointing towards the back section and 
later twisting slightly towards the front section. This affected the foam 
directional flow during expansion. The mould walls at the back section 
inhibited foam flow resulting in higher foam density at the back 
section as compared to the middle section. 
b. Front section: The movement and final orientation of the foam 
dispenser head pointing towards the front section contributed to faster 
foam flow in the direction of the front section. The foam flow and 
foam expansion at the front section was also inhibited by the mould 
walls which resulted in regions with the highest density. This gave 
higher density at the front compared to the middle. 
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c. Middle section: The foam in the centre of the tool was much less 
constrained. Therefore, the material could expand easily in this area 
and resulted in the lowest density. 
10.2 Adopted Techniques 
A novel approach used in this research was to measure and quantify the 
density of cold-cure flexible polyurethane foam with a eT scanner and this has been 
shown to be reliable method. Incidentally, it was found that analysis of other defects 
such as internal voids can also be observed in the scanned image. 
3D laser scanning (another novel approach adopted in this research) was used 
to analyse the soft, flexible and porous surface of the polyurethane foam and this has 
also shown to provide conclusive results. The 3D laser scanning method, although an 
expensive option, can be considered by the foaming industries as a highly reliable 
option when tight specifications are required. 
10.3 Further Research 
During the course of this work numerous areas of research that can contribute 
to knowledge in engineering were identified. The most promising areas are discussed 
in the following sub-sections. 
10.3.1 Analysis of Foam Mechanical Properties at Varying 
Mould Temperature 
The mechanical properties of flexible polyurethane foams can be varied to 
give a wide selection of comfort, support and durability (Kreter 1985). The scope of 
research can be extended to include analysis on the effect of mould temperature on 
foam mechanical properties which will be beneficial to various application industries 
such as automotive seating, interior padding and cushioning furniture. Experiments 
would include Indentation Force Deflection Test (Specified Deflection), Indentation 
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Force Deflection Test (Specified Force), Compression Force Deflection Test, 
Constant Deflection Compression Set Test, Tension Test and Resilience Test (ASTM, 
1995) to provide conclusive results. Experimental results can than be compared with 
FEA work as documented by Mills and Gilchrist (Mills and Gilchrist 2000) for 
supporting evidence. 
10.3.2 Layer Manufactured Foam Tools Implementing Various 
Designs of Conformal Heating Channels 
At the outset of the research, the initial direction was driven by an underlying 
interest in the manufacturing of laminated tooling for foam moulding. Previous 
research at Loughborough University was limited to the tool fabrication technique, 
how laminates affect heat transfer, how accurate a standard FEA package can be used 
to model heat transfer, lead time in mould fabrication and costs involved. It would be 
beneficial to continue research on implementing various designs of conformal heating 
channels, analyse their mould temperature controllability and analysing this effect on 
foam surface texture and density, and possibly permit tailoring the properties of 
moulded parts. Multiple zones of density and hardness could be achieved by 
manipulating different mould temperatures at each zone. Currently, multiple zone 
density and hardness is achieved either through varying raw material ratios or through 
applying reinforcements such as wire-mesh, plastic liner or fabric skin (Dounis and 
Wilkes 1997). 
10.3.3 Formation of Internal Voids and Defects in Foam 
Voids in foams may be caused by incomplete filling of the moulds, entrapped 
air, large bubbles of gas in the foam, or collapse of cells prior to gelation of the 
polymer (Caruthers and Smith 1972). Internal and external voids constitute a major 
concern especially in foam parts used in the aerospace industry. Thermographic 
Imaging has been attempted as a method to detect internal voids in polyurethane 
insulation foam with limited success (Clarke and Mack 1986). During the course of 
this research the novel technique adopted using CT scanning for density analysis has 
shown the existence of various internal voids and defects in foams produced at 
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varymg temperature. eT scannmg could be adapted as an analysis tool by the 
polyurethane foam industry. Future research could analyse and quantify the effect of 
the polymers used and mould temperature on the number, sizes and locations of 
internal voids and defects and their effect on foam part quality (Figure 9.1). 
Figure 10.1 : Voids and defects in foams moulded at various temperature. 
10.3.4 Effect of Mould Temperature on Foam Acoustic 
Properties 
Flexible foams are excellent acoustical insulators because of their open-cell 
foam structure. The foam lattice transforms sound energy into heat. Research and 
analysis capable of providing quantitative results on the acoustical dampening 
properties of foam produced at varying mould temperature would provide valuable 
information for acoustic foam designers and engineers in automotive and similar 
industries. This would allow for optimal acoustic insulation at minimal foam 
thickness in various applications such as engine side hood insulator, engine side dash 
absorber and dash insulator to absorb engine compartment noise. 
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10.3.5 Effect of Mould Size and Mould Design on Foam 
Density 
During the course of this research, density was shown to vary within the 
mould. Foam density at mould edges is higher than foam density in the middle section 
of the mould. It is suspected that foam flows better in the mid-section rather than at 
the edges resulting in varying density. Similarly it is accepted in the PU foam 
moulding industry that foam density at thick sections of the mould will be different to 
that at thin sections. Further research into this aspect would provide valuable 
information to assist the foam moulding industries to equalise the density across 
various mould sections and thickness by varying the mould temperature at certain 
locations ofthe mould. 
10.3.6 Varying Mould Temperature within a Mould 
It is envisaged that there is a possibility that by varying mould temperature 
within the mould would allow for better foam flow. This might enhance foam to flow 
through small cavities and thin sections. Varying the distance of heating channels to 
the mould surface may vary the mould surface temperature creating local hot-spots at 
strategic locations within the mould to enhance foam flow into small cavities and thin 
sections. Getting foam to fill areas with small cavities and thin section are two 
constraints currently faced by the foam moulding industry. New knowledge from this 
particular scope of research work might allow foam with more complex geometries to 
be moulded. 
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Appendix 
Appendix 1: Blueprint of Mould 
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Figure ALl: Blueprint of mould base. 
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Figure A1.2: Blueprint of mould lid. 
-195-
Appendix 2: Thermocouples Certificate of Calibration 
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Date of Issue: 
Customer: 
Address: 
Order Number: 
Our Reference: 
Date Received: 
Manufacturer: 
Type: 
Serial Number: 
-
TC Ltd, Units 1·6. c':rlington Road North. Cl1~terti8!d ~41 9m~ .' 
:: Matl: calibralion@tcw uk W,'t)"ilf W::'~' ' 
Telephone: 01895 25:~222 t ~~. c· (~~r' 
CERTIFICATE OF CALIBRATION 
23rd July 2003 
Loughborough University 
Ashby Road Loughborough 
CREDIT CARD 
16323 
16th July 2003 
re Direc! 
401·906 
16:l23/1A 
Page 1 of 1 
Approved Signal< 
_ R Waiter ,/' 
Description: Walded Tip Fibreglass Thermccoupl(~ lype T 2 Mtrs Certific~te 
Number: 0998S Ambient Temp: 20°C +1· 2 °C 
Calibration Procedure: The thermocouple was calibrslec by comparison with :wo refen::1CO YC'!,,;,' 
trermcmeters. All measurements are traceable to recog:1lsed national standarcs Ttli~ csilbr"ticn~, 
In a paral!cl tute liquid bath. The them10couple wires wer~ referenced to 0 D9gr.,es Celsius. 11le' 
and voltage outputs were measured on a precision dJgltall1ultimeter, All tests H(,re c:!rrled out in '.' .<: 
elwircnment using devices haVing known and traceable ·/atues. The temperatu 'e meas(lramant! .~; ::: ": 
le ITS·SO The thermccouple voltages were converted uSing IECS84·': 1 995. 
MEASURED MEASURED CORRECTED EQUIVALENT 
TEMPERATURE VOLTAGE VOLTAGE 
("C) (fN) (ftV) 
2984 1184 1186 
89.S0 3803 3805 
The deptn of jmmcrs;cn of the test thermocouple was ~GCmm 
Tre overall uncertum:y of measurement was +/·0 ;:·'C 
Calibrated by: I ShePF!ru-d" 
Calibration date: 23rd July 2003 
IECVALUE 
(OC) 
29.74 
89.79 
ERROf~ 
rCI 
.. 0 't( 
n ,.. 
-i,.,; i· 
The reported expanded uncertainty is based cn a standar.j uncertainty multiplll!C by a :::)'.Ic!age L. 
et k :: 2, prowling a level ef confidence of approximately B5%. The uncer1<lInty evalu:!licn mn b:· 
carried out in accordance With UKAS requirement~ 
n",:\ :;''r-'tt>C,t'!.., ..... ave:J ... ~ ~Ct3Y~ ""t!) ~ 1-.'lt">!YMar, :l:::a~c.:.l!"1'1 ~u' ... H~'O ",," > :.. ~'of : .. 1'1,-1..,1 .:.~<;~ A(;;f~'l~'''''''' ~ ~>,l{:~ ";"." :',''l- ....... ".'" 
'" !!'t1;I::'u~t''\::1::.. ·~~~"I:.:~ .. <.:tl.l'lO~' ~~M~!. N"I" te urllt1.t"!-":"I .... Jr~,14 II.."':' ',0'; ~. '-"~ N~!u~:.t'\al fo'l"l)'';.{''I!! :.It,:.;.;>:(::. .. ~I ",t· .. ~ ". "~¥" -.... ; ,.:, 
~t..t:"!$J;,-!.:.tj",' .0-:(.,., ri',," ~,l!<'tt(~",. -,l, I'\t!t :'-,ftmNZ"lI..\:oJ,j :;~~: ~¥' .. '.« ,., ... ~ "'.~!~!:" ..... r!'·e-' ~,~'!'I3~~'1~.~· .. 1 <t-~ \.i ... {!~ ~.: ,'~ '.:..f.-__ 
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Appendix 3: Thermometers Certificate of Calibration 
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CERTIFICATE OF CALIBRATION 
ISSUED BY S.Brannan & Sons Ltd 
DATE OF ISSUE 221u1y 2003 
S. Br:IRn:an & Sons Ltd. 
lec:mt1eld Industrial Estate 
Clcalar Moor 
Cumbria 
ENGLAND 
CA:!55QE 
Client 
Address 
Clients Order No 
Apparatus Tested 
Manufacturer 
Type ! Spe~ilkation 
-Thcnnomctcrs & Gauges 
Range & Divhdon Frequt:ncy 
Ca;ibration Immersion 
Sc-:i:ll No 
TEST CONDITIONS 
Date Instrument Received 
Date CalibratiowTcst Completed 
Laboratory TemperJlurc 
Laboratory Humidity 
Ccrrillcate Number 02117 
Telephone 
Fa.x 
E-rrtalJ: 
+4~ (0) 1946816600 
H4 (0) 1946816625 
salcS@brannan . .:o.uk 
R~gi~te ... :J No: ::90512 ENGL\l'iD 
Lougbborougb Unhlersil) 
r;:\~;;";';~~ 
~----,-.... 
I :\f'!)l'<>'d ~im>Jt"" 
I Sam,' I} ~"kL 
! , 
i 
l:<;~:fi.li4·"·;1) }~ 
Wolfstou School of Mechanical ~~ 
Manufacturing Engineering 
Uecestershire 
I.EIl3TU 
MMMJCP 
Mercury in Glas.~ Thermometer 
Br.lnnan 
AST:Vl 9C1IP15C 
57mm 
10912 
21 .July 2003 
22 .July 2003 
20°C+/~5°C 
40%+/~20% 
The reponed expanded uncertainty i!' based on a standanl uncertainty lDultiplied by a fQ\'fr.lge factor t..-< 
pro\iding a levd IIf confidence or approximately 9S%.The uncertainty evaluation has bCI:D carried ollr in " 1~" 
with lJKAS requiremenb. 
----_.-
l1:is locnificatl! is issued in lC'cordance with the Iaoorotory aC':r<ditation requirements ()fthc: l!nitt'<.i Klr~t!"m "'" ~ 
Service. It provid\!s troceability of measure me m to recognise'.;! Il;wonal Siand(l!ds. and to U!l!!' ot'mca.;:m.:rncfll 1<' ~:,~ 
National Physk::.1 Laboratory or oth.:r recognised n.:1tion.:11 st:.m!JrJs laboratories_ 
This (en:iticatl! m.'>" Ill)! be reproduced other than in full. cxc.:r1 . ,'ar, Ih~ prior writr.:n appn..\af Ill' the ,>~Uill!! !.!i' 
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Appendix 4: Mould Temperature Data 
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Figure A4.1: Tracking mould temperature when moulding at 30°C. 
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Figure A4.2: Tracking mould temperature when moulding at 40°C. 
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Figure A4.3: Tracking mould temperature when moulding at 50°C. 
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Figure A4.4: Tracking mould temperature when moulding at 60°C. 
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Logged Mould Temperalure During Foam Moulding al 70 deg C 
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Figure A4.5: Tracking mould temperature when moulding at 70°C. 
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Figure A4.6: Tracking mould temperature when moulding at 80°C. 
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Appendix 5: 3D Topography of Foam Surface produced at 
Varying Mould Temperature 
Figure AS.I: 3D Topography of foam surface produced at 30°C. 
Figure AS.2: 3D Topography of foam surface produced at 40°C. 
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Figure A5 .3: 3D Topography of foam surface produced at 50°C. 
Figure A5.4: 3D Topography of foam surface produced at 60°C. 
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Figure A5.5: 3D Topography of foam surface produced at 70°C. 
Figure A5.6: 3D Topography of foam surface produced at 80°C. 
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Appendix 6: Foam Shrinkage in Length, Width and Thickness 
Table A6.1 shows the measurement recorded from foam samples produced from 30°C 
to 80°C .. 
Initial Length Initial Width Initial Thickness Changes Changes Thickness Temp. Length, after 14 Width after 14 lThicknes~ after in in Width Change (0C) days days 14days Length (m) (m) (m) (m) (m) (m) (%) (%) (%) 
80 0.3200 0.3122 0.3200 0.3127 0.0250 0.0245 2.44 2.28 2.00 
80 0.3200 0.3123 0.3200 0.3122 0.0250 0.0245 2.41 2.44 2.00 
80 0.3200 0.3132 0.3200 0.3124 0.0250 0.0241 2.13 2.38 3.60 
80 0.3200 0.3125 0.3200 0.3122 0.0250 0.0241 2.34 2.44 3.60 
80 0.3200 0.3127 0.3200 0.3129 0.0250 0.0242 2.28 2.22 3.20 
70 0.3200 0.3137 0.3200 0.3144 0.0250 0.0243 1.97 1.75 2.80 
70 0.3200 0.3133 0.3200 0.3147 0.0250 0.0241 2.09 1.66 3.60 
70 0.3200 0.3139 0.3200 0.3147 0.0250 0.0242 1.91 1.66 3.20 
70 0.3200 0.3146 0.3200 0.3149 0.0250 0.0242 1.69 1.59 3.20 
70 0.3200 0.3130 0.3200 0.3141 0.0250 0.0243 2.19 1.84 2.80 
60 0.3200 0.3145 0.3200 0.3156 0.0250 0.0241 1.72 1.38 3.60 
60 0.3200 0.3150 0.3200 0.3158 0.0250 0.0241 1.56 1.31 3.60 
60 0.3200 0.3149 0.3200 0.3150 0.0250 0.0243 1.59 1.56 2.80 
60 0.3200 0.3150 0.3200 0.3154 0.0250 0.0243 1.56 1.44 2.80 
60 0.3200 0.3152 0.3200 0.3153 0.0250 0.0245 1.50 1.47 2.00 
50 0.3200 0.3159 0.3200 0.3159 0.0250 0.0243 1.28 1.28 2.80 
50 0.3200 0.3157 0.3200 0.3157 0.0250 0.0244 1.34 1.34 2040 
50 0.3200 0.3157 0.3200 0.3157 0.0250 0.0246 1.34 1.34 1.60 
50 0.3200 0.3159 0.3200 0.3151 0.0250 0.0242 1.28 1.53 3.20 
50 0.3200 0.3157 0.3200 0.3171 0.0250 0.0246 1.34 0.91 1.60 
40 0.3200 0.3171 0.3200 0.3166 0.0250 0.0237 0.91 1.06 5.20 
40 0.3200 0.3170 0.3200 0.3167 0.0250 0.0232 0.94 1.03 7.20 
40 0.3200 0.3166 0.3200 0.3161 0.0250 0.0237 1.06 1.22 5.20 
40 0.3200 0.3178 0.3200 0.3163 0.0250 0.0234 0.69 1.16 6040 
40 0.3200 0.3168 0.3200 0.3167 0.0250 0.0234 1.00 1.03 6040 
30 0.3200 0.3168 0.3200 0.3116 0.0250 0.0214 1.00 2.63 14040 
30 0.3200 0.3166 0.3200 0.3120 0.0250 0.0216 1.06 2.50 13.60 
30 0.3200 0.3168 0.3200 0.3152 0.0250 0.0224 1.00 1.50 10040 
30 0.3200 0.3176 0.3200 0.3130 0.0250 0.0226 0.75 2.19 9.60 
30 0.3200 0.3157 0.3200 0.3101 0.0250 0.0219 1.34 3.09 12040 
Table A6.1: Foam overall size (initial and after 14 days). 
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Appendix 7: Foam Mass, Volume and Density 
Mould Mass Initial Volume Initial Density Changes Initial after 14 Volume after after 14 Temp. Mass (kg) days Volume 14 days (m3) Changes Density days in Density (0C) (kg) (m3) (%) (kg/m3) (kg/m3) (%) 
80 0.142 0.144 0.0025600 0.0023918 -7.03 55.35 60.12 7.93 
80 0.142 0.144 0.0025600 0.0023888 -7.17 55.35 60.12 7.92 
80 0.141 0.143 0.0025600 0.0023580 -8.57 55.16 60.77 9.24 
80 0.140 0.142 0.0025600 0.0023513 -8.88 54.80 60.52 9.44 
80 0.141 0.143 0.0025600 0.0023678 -8.12 55.16 60.52 8.86 
70 0.141 0.143 0.0025600 0.0023966 -6.82 54.92 59.54 7.76 
70 0.141 0.144 0.0025600 0.0023762 -7.74 55.16 60.48 8.80 
70 0.141 0.143 0.0025600 0.0023906 -7.09 55.04 59.78 7.92 
70 0.140 0.143 0.0025600 0.0023974 -6.78 54.80 59.81 8.37 
70 0.140 0.142 0.0025600 0.0023890 -7.16 54.73 59.56 8.12 
60 0.142 0.144 0.0025600 0.0023921 -7.02 55.27 60.07 7.99 
60 0.141 0.144 0.0025600 0.0023974 -6.78 55.23 59.90 7.79 
60 0.141 0.143 0.0025600 0.0024104 -6.21 55.12 59.41 7.22 
60 0.142 0.144 0.0025600 0.0024142 -6.04 55.51 59.73 7.07 
60 0.141 0.144 0.0025600 0.0024349 -5.14 55.23 58.94 6.28 
50 0.146 0.148 0.0025600 0.0024250 -5.57 57.07 61.16 6.68 
50 0.147 0.148 0.0025600 0.0024319 -5.27 57.23 61.02 6.22 
50 0.147 0.149 0.0025600 0.0024518 -4.41 57.23 60.65 5.64 
50 0.146 0.149 0.0025600 0.0024089 -6.27 57.19 61.65 7.23 
50 0.147 0.149 0.0025600 0.0024627 -3.95 57.46 60.58 5.16 
40 0.147 0.148 0.0025600 0.0023793 -7.59 57.27 62.33 8.12 
40 0.146 0.148 0.0025600 0.0023291 -9.91 57.15 63.63 10.18 
40 0.147 0.149 0.0025600 0.0023718 -7.93 57.23 62.61 8.60 
40 0.146 0.148 0.0025600 0.0023522 -8.84 57.03 62.96 9.42 
40 0.146 0.148 0.0025600 0.0023477 -9.04 57.11 63.12 9.53 
30 0.145 0.147 0.0025600 0.0021125 -21.18 56.56 69.49 18.60 
30 0.145 0.147 0.0025600 0.0021336 -19.98 56.72 68.85 17.62 
30 0.146 0.147 0.0025600 0.0022368 -14.45 56.84 65.90 13.75 
30 0.146 0.148 0.0025600 0.0022466 -13.95 56.95 65.65 13.25 
30 0.147 0.149 0.0025600 0.0021440 -19.40 57.38 69.36 17.26 
Table A7.1: Foam mass, volume and densIty (initial and after 14 days). 
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Appendix 8: Average Core Density for various Rol 
Density at Rol A2 
'. Scan No: Mould Temperature COC) , 
30 40 50 60 70 80 
Scanl '.' 67.96 63.15 55.76 54.88 58.67 65.39 
Scan2 66.86 60.17 55.32 55.06 57.19 41.53 
Scan3 65.24 65.97 68.32 61.49 60.46 73.27 
Scan4 56.12 50.48 45.91 58.67 47.54 43.72 
ScanS 69.08 62.48 69.41 59.54 62.59 63.32 
Avera2e 65.05 60.45 58.94 57.93 57.29 57.44 
Ra" I +ve Deviation 4.03 5.52 10.46 3.56 5.30 15.82 
nge I 8.93 9.97 13.03 3.04 9.75 15.91 -ve Deviation 
,3 Table A8.1: Core densIty of foam In kg/m at RoI A2 at vanous mould 
temperature. 
Density at Rol 83 
Scan No. Mould Temperature (lC) 
30 40 50 60 70 ' 80 
Scanl 40.17 40.22 40.20 40.08 40.17 39.99 
"t, Scan2 43.66 42.37 43.85 37.00 39.91 42.14 
Scan3 51.25 41.34 41.70 38.62 43.39 38.29 
Scan4 60.46 39.77 44.25 39.11 35.80 41.50 
Scans 46.25 47.83 40.44 40.87 39.02 39.15 
Averal!e 48.36 42.31 42.09 39.13 39.66 40.21 
+ve Deviation 12.10 5.52 2.16 1.74 3.73 1.92 
Range 
-ve Deviation 8.18 1.89 2.14 3.86 1.93 2.53 
.j Table A8.2. Core densIty of foam In kg/m at RoI B3 at vanous mould 
temperature. 
Density at Rol C3 
Scan No. 
" 
i Mould Temperature (oC) " 
.. ; 30 40 50 60 :70 80 
Scanl 79.18 68.81 59.65 52.38 61.87 56.77 
Scan2 66.93 65.01 59.30 57.08 58.31 59.87 
Scan3 66.56 62.48 61.09 60.93 60.39 55.66 
i\ , 
, Scan4 . ". 84.60 59.40 60.66 59.80 60.20 60.27 
Scan5 74.49 67.49 64.28 60.39 58.04 59.60 
Avera2e 74.35 64.64 61.00 58.11 59.76 58.43 
:aa I +ve Deviation 10.25 ,4.17 3.28 2.81 2.11 1.83 
nge I' . 7.79 5.24 1.69 5.74 1.72 2.77 ' -ve Deviation 
,j Table A8.3: Core densIty of foam In kg/m at RoI C3 at vanous mould 
temperature. 
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Appendix 9: Results of Foam Cell Size 
Foam Cell Size (microns) 
Mould Temperature (degrees C) 
30 40 50 60 70 80 
472 505 547 557 573 559 
505 543 534 568 546 563 
501 512 537 564 568 555 
501 521 559 566 554 566 
528 545 549 568 579 537 
523 510 557 564 545 577 
494 537 557 541 574 539 
476 514 559 566 545 586 
517 525 549 554 559 543 
AveraQe 502 524 550 561 560 558 
Range 56 40 25 27 34 49 
Table A9.1: Foam cell size at various mould temperatures. 
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Appendix 10: Papers Published in Refereed Journals 
Title of Paper Journal Year Volume Pages 
Effect of Mold Temperature Journal of 2005 41 133-151 
on High-resilience Cold-cure Cellular Plastics 
Flexible Polyurethane Foam 
Surface Texture 
Analysing the Effect of Mold Cellular 2004 23 387-402 
Temperature on Foam Density Polymers 
and Foam Surface Texture 
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Appendix 11: Raw Material Specification and Provisional 
Safety Data 
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COlllNS & AIKMAN 
Raw MaterIal SpecificatIon I 
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( Methylene diphenyldiisocyanala based prepolymer) 
Collins & Aikman Laboratory Acceptance Tests 
Personal Protective Equipmenl 
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L IDEtrrrFICATION OF TilE SUBSTANCE/PREPARATION AUD COMP1.NY/UlIDERTAl'.H. 
PRODUCT NAME:~UPRASEC 6302 
Addr;c::;::;/Phr.)ne No. I •• Huntsman Polyurethancs (UK) LimiLcII 
Hi tchen J,ane 
Shcpton Mallet 
Somer~et, BA4 STZ 
+44 (0)1749 •. 335200 
Emergency Phonc No.: (00 44) (07011) 22). 73a (UK) 
-----------~ .... ---..... 
2. COMPOSITION/INFORMATIOn ON INGREDIENTS 
PRODUCT DESCRIPTION 
Diicocya:lato diphenylmcthanc (MOl) based composition. 
l~ZARDOUS INGRBDIENT(S) 
Diphenylmeth,mediisocyanate, 
isomer!; ':l1ld homologues 
MODIFIED MOl 
CAS No. 
009016-87-9 
% (w/w) 
(>50) 
(5-25) 
symb.)i" 
Xn 
Xn 
R Phrase:, 
R70. P.3l. 
rN~/43 
p:;o, In" 
?,42/43 
---------~ ...... -... --... -
3 • HAZARDS IDENTIFICATION 
Ilarm(ul by inhalation. 
Irritating to eycs, respiratory system and skin. 
May cause censitisation by inhalation and skin contact. 
Thi s product is a respiratory irritant and potential rc;;;piratol:Y 
sensitiser: repeated inbalation of vapour or aerosol at levels above: 
occupational exposure limit could cause respiratory sen~tticatlon. 
The on!let of the l:cspiratory symptoms may be delayed for sever,ll hOll!. 
after expo~mrc. A hyper-reactive response to even minim:11 conc(mtrat , 
of MDI may develop, 1. n.. scns.l.tised. percons. 
Reacts slowly with water to produce carbon dioxide which may LlIptUl"" 
clo:Jed containers. This reaction acceleratec at bigher temperature!; .. 
UK (Date: 
(Page: 
:!3 .OS. ;>CW, 
: -collL i ll\!' 
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--------._-----_. 
4. FIRST-AID MEASURES 
In ca~c of accident or if you feel unwell. seek medical ldvice 
immediately. Show the Safcty Data Sheet. 
Inhalation 
Skin Contact 
Eye Contact 
Ingestion 
Remove patient from exposurc, keep warm a:1d at n.'zt. 
Obtain medical attent ion. Treatment is synptom;ltl c f Ol 
prim.:try irritation or bronchospasm. If bre;lthiny 1:1 
laboured, oxygen should be administered b{ quali f h:u 
personnel. Apply artificial respiration if breathing I" 
ceased or shows signs of failing. 
Remove contaminated clothing. After conta=:: with !lkill, 
wash immediately with plenty of warm soapy water If 
symptoms develop, obtain medical attention, 
contaminated clothing should be thoroughly cleaned. 
An MDI study has demonstrated that a polyglycol-h:u:cd 
skin cleanser or corn oil may be mOl'e effective than 
soap and water. 
Immediately irrigate with eyewash solution or clean 
water. holding the eyelids apart. for at least 10 
minutes. 
Obtain immediate medical attention. 
Do not induce vomiting, Do not swallow, Provided lile: 
patient is conscio~s. wash out mouth with water, 
Obtain immediate med~cal attention. 
Furthor Medical Treatment 
symptomatic treatment and supportive therapy a:z indicated. Following 
severe exposure the patient should be kept under medical review (or ;\' 
least 18 hours. 
-----------------------------------..... ~.---- . 
5. FIRE-FIGHTING MEASURES 
Not classed as flammable. 
If involved in a fire, it may emit nox.ious and toxic fumes. 
containers may burst if overheated. 
Due t.o reaction with water producing C02-gas, a hazardol.s build-up ui 
pressure could result if contaminated containers are re-sealed, 
combustion products may include: carbon monoxide, carbotl dioxide, 
nitrogen oxides. hydrocarbons and HeN. 
Extinguish~ng Media 
UK 
foam, C02 or dry powder. ~atet: ". 
be used if no othel' available .It;, 
then in copious quantitict:. 
'Reaction between wat.er and hot 
isocyanate may be "i90rO\lf,. 
{Date: 23.C5.200i 
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Fire Fighting protectiye Equipment 
6. ACCIDENTAL RELEASE MEASURES 
Prevent w.:H:hing!l fr:ltn entcrillCJ 
wa te r courses, keep :: i l'e C>:pO!,lCI": 
containers cool by :lpray i1l9 wi t I 
water. 
Suitable renpirator{ protc.ction 
with full face piec~ and po!:ltiv.' 
air supply. PVC boo::;, glovcn. 
safety helmet and protect i W' 
clothing should be .. orn. 
BvaCUZlce the area. Keep upwind to avoid inhalation of va:)()urs. 
Clean-up should only be performed by trained personnel. 
people dealing with major spillages should wear full pro:t!ctivc cloth:; 
including reopiratory protection. 
Prevent further leakage, spillage or entry into drain!::. 
l\dsorh spi llages onto sand, earth or any suitable adsorb'~l1t mate ri'll , 
Leave to react for at leant 30 minuteo. Do not adsorb on':o sawdl;st or 
other combustible materials. Shovel into open-top drum!:; :~)r further 
decontamination. Wash the spillage area with water. Test atmospl:cre t v 
MDl vapou!:'. 
Neutral iz(! small spillagen with decontaminant. Remove an.l dispose of 
residues. 
The compositions of liquid decontaminants are given in 's.!<:tion 16. 
See also hrochure Pl1 193-1 (see section 16). 
7 • HANDLING AND STORAGE 
7.1 HANDLING 
Do not breathe vapour/spray_ Avoid contact with skin and t:ycs. 
Atmoopheric concentrations should be minimiced and kept .1:; low uS 
reasonably ~racticablc below the occupational exposure linit. Tr.c 
efficiency of the ventilation must be monitored regularl:, becaucc of •. 
possibility of blockage. ' 
When the product is sprayed or heated, suitable respiratm"y protecticF 
equipment with positive air supply may be required. Keep (!quipmcnt 
clean. A basic essential in sampling, handling and stol-a I Jt! is tl:c 
prevention 'Jf contact wich water. 
Keep ctocko of decontaminant readily available. The comp')!litions of 
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liquid decontaminants arc given in Section 16. 
Sce also b~ochure PU 193-1 (Gee section 16). 
7.2 STORAGB 
Keep containers propct'ly oealed and store indoor:::; in a ... 'ell Vf"!otl laU," 
area. 
Keep awa}' from froot. 1<ecp away from mOilJtUl:e. If c' container i:; 
contaminated, do not reseal it. Due to reaction with wat.er producing 
C02-g.:lG, a hazardous build-up of pressure could result' j f <:ont.:lminatf·,: 
containers arc rc-sealed. 
Unsuitable containers: copper, copper alloy and galvanif:ed surface::;;. 
storage "emperature : 10 - 35 Deg C 
S. EXPOSURE CONTROLS/PERSOnAL PROTECTION 
Wear suitable protective clothing. glovca and eye/face I,rotecLion. 
Atmospheric concentrations should be minimised and kept as low ac 
reasonably practicable below the occupational exposure : . .imit. 
MDI can only be smelled if the occupational exposure liojt has been 
exceeded considerably. 
Medical supervision of all employees who handle or come in conta<:l Wj' 
respiratory sensitisers is recommended. Personnel with it history of 
a::::thma-type conditions, bronchitis or Gkin sensitisatioll conditiom; 
should not work with MDI based products. 
The Occupa::ional Exposure Limi.ts listed below do not apply to r:reviou:. 
sensitised individuals. Sensitised individuals should bl! removed fro!'1 
any further exposure. 
- Re~;p irators 
- Eye Protection 
- Gloves 
UK 
Suitable respiratory equipment w._th POS! ti ve " 
::::upply should be used in caceG 0:: insuff icicnt 
ventilation or where operational procedures 
demand it. 
Chemical safety glasses. Full fac:€! shield it 
splashing is possible. 
The following protective materia:~fI arc 
recommended : 
- Neoprene 
- nitrile butadiene rubber 
- butyl rubber 
- PVC (Heavy duty.) 
- laminated polyethylene 
Thin disposable gloves should be avoidecc for 
repeated or l~ng term use. 
(Date: 
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. Othc!~ overall (preferably heavy cotton) or Tyv-:!Y:~llr;; 
Tech 'C' , Tyvek-Pro • F' dispOlMt·lc <:ov~:n·all. 
Contaminated clothing should be thoroughly 
cleaned before re·use. 
Occupational Expoaure Limits 
LTEL Shr TWA STEI. 
HAZ.l\.RDOUS INGREDIEN'.r (S) ppm 
Isocyanaten, all (as -NCO) 
(Diphenylm~thane 4,4'diisocyanate) 
9. PHYSICAL AND ClIEMtCAL PROPERTIES 
Form 
Odour 
nailing PoInt (Deg C) 
Flash POln: (Deg Cl 
Auto IgniLion Temperature (Dog Cl 
Vapour Pressure (mPa) 
Solubilit.y (water) 
Solubilit.y (Other) 
partition Coefficient 
Freezing Point (Deg Cl 
Specific Gravity 
10. STABILITY AND REACTI.VI.TY 
mg/m" ppm 
0.02 C.07 
liquid. 
earthy, slightly r.lUsty. 
> ·300 (at approx :.CD hPa) 
decomposes 
> 200 (estimated) 
> 600 
<: 0.00001 (at 25 !leg Cl 
re.'1cts with water 
most organic solvt:r.tc : soluble 
Reacts with water and octanol. 
Forms crystals be:.ow 10 Dog C. 
1.23 approx (at 2!i Deg C ) 
Incompatible materials and conditions: water, alcohols, amines, 1)a5e~; 
and acid~. Avoid high temperatures. 
Hazardour. Renctions 
UK 
Stable at room temperature. 
Reaction with watc:: (moisture) 
produces C02-gas. (:xothez:'mic 
reaction with mate::ials cc·ntainil 
acti ve hydrogen gr.)ups. Tl".e 
reaction becomes p:ogrcs::;ively 1:1.' 
vigorous and can bo~ violer.t at 
(Date: 
(page: 
23. C·5. 20C 'i . 
5 -cClntiIll.:~.·c. 
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higher temperatures -if tJlC"-···_·- '" 
mincibility of the reactio:l 
partners is good Ot is :3up,)nr"tcc: 
stirring or by the prcsenc~: of 
solvents. 
MDI is insoluble wi th I and heav 1 ~ 
than water and sinks to the bot:.· 
but reacts :llowly ;. t the inted ",. 
A solid water-insoluble layer 01 
polyurea is formed at the inter!.' 
] iberating carbon c.ioxide gar:. 
Hazardous Decomposition Product(s) Unlikely under normal industriill 
use. 
11. TOXICOLOGICAL INFORMATION 
This health hazard assessment is based on information available On 
similar products. 
Inhalat.ion 
Skin Contact 
UK 
This product is a respiratory irriu:,nt and 
potential respiratory scnsitiser: n:peated 
inhalation of vapour or aerosol at levels ilbov(' 
occupational exposure limit could t:ause resp! r<n, 
sensitisation. Symptoms may includ(! it'ritation t. 
the eyes, nose, throat and lungs, possibly combi :,' 
with dryness of the throat, tightnnns of chczL <'~ 
difficulty in breathing. The onset of the 
respiratory symptoms may be delayed for several 
houro after exposure. A hyper-reac1:l.ve rCEpOnS{' ~ 
even minimal concentrations of MDl nay develop j' 
sensitised persons. 
Median Lethal Concentration (4 hrs· (respirable 
aerosol) : 490 mg/m3(rat). 
Moderate irritant. 
Repeated and/or prolonged contact IMY COlU!:e nku, 
.. Ilensi tisation. 
Animal studies hnve !'lhown that rcs:?iratory 
senoitioation can be induced by skin cont.let w.i': 
known respiratory sensitiscrs incl-lding 
diiGocyanates. These results empha:o ize t.he need 
protcctive clothing including glove::; to be worn 
all times whcn handling these chemical!': Ol~ in 
maintenance work. 
Dermal Median Lethal Dose : > 9000 'ng/kg (nlbb: t . 
(Date: 23.0!).20l!. 
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Bye Contact 
Ingestion 
:,ong Term E~'(posure 
UK 
The vapour, aerosol and liquid are {rr:rtai1t-.---· 
Low oral toxicity. Ingestion may cat,se i I'd t.'\ t i Of) 
of the gaotrointestinal tract. 
Oral Median Lethal Dose: :> SOOO mg,kg (rat), 
R~tG have been exposed for two yean; to a .rc5pir<II.,' 
aero::;ol of polymeric HDI which resulted in chroni.' 
pulmonary it-ritation at high concent.rations. onl, 
the top level (6 mg/m3), there was cl cignificant 
incidence of a benign tumour of the lung (adenoma', 
and onc malignant tumour (adenocarc;.noma). Tilc['c 
were no lung tumours at 1 mg/m3 and no effects ilt 
0.2 mg/m3. overall, the tumour incidence, both 
benign and malignant, and the number of animals "":. 
the tumours were not different from controlc. The 
increaced incidence of lung tumours ia asscciateci 
with prolonged respiratory irritation and the 
concurrent accumulation of yellow material in tht., 
lung, which occurred throughout the £:tudy. In tlH~ 
absence of prolonged exposure to hi~Jh conccntrat.i" 
leading to chronic irritation and lung damage, it 
highly unlikely that tumour formati<)tl will occur', 
Industrial experience in humans has not :.howu un)' 
links between MD! expo:;ure and canCnr development~ 
There are reports that chronic cxpo:mre by 
inh;tlation may result in permanent (i<:crea!:cs in h 
function. 
No birth defects were :leen in two independ ... nt an J 1;, 
(rat) studies. Fetotoxicity was obs'!rved at. do:;;(~r; 
that were extremely toxic (includinq lethal) to tL 
mother. Fetotoxicity was not obse~,,,!d at dClses tl:.3 
were not maternally toxic. The dose:l used in ther.( 
studies were maximal, respirable concentrations, 
which are well in excess of defined occupational 
exposure limits. 
'llbcre. Le .no substantial evidence of mutagenic 
potential. 
(Date: 
(Page: 
2:1 . O!; . 200: ; 
7-cont imJ(~G 
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12. ECOLOGICAL INFORMATIOU 
Environmental Fate and Diotrihution 
By considering the production and UDe of the subGtance, it iG unllkcly 
that zignificant environmental exposure in the ;\ir or wa::or ""'ill <Id!;.' 
• I 
porniotence and Degradation 
Immiscible with waler, but will react with water to prodJce inert anc: 
non-biodegradable solids. Conversior. to soluble products, including 
diamino- diphenylmethane (MDA), is very low under the op:imal lC:Lborat<')l 
condition~ of good dispersion and low concentration. 
In air, the predominant degradation process is predicted to be it 
relatively rapid OH radical attack, by calculation and b{ analogy wit!: 
related diisocyanates. 
Toxicity 
By compariGon with an analogous product, the following Vi.LUCG alC 
anticipated. 
LCO (zebra fish) (96 hour) > 1000 ms/l 
EC50 (Daphnia magna) (24 hour) > lOCO mg/l 
F.CSO (E. Coli) > 100 mg/l 
The measured ecotoxicity is that of the hydrolised produ:t:., gener-dlli' 
under conditions maximising produ~tlon of soluble spccie~. 
~ven GO, the observed ecotoxicity is low/very low. 
A pond study showed gross contamination caused no significant toxic 
effects on a wide variety of flora in all trophic levels (including 
fiGh), no detectable diaminodiphcnylmethane (MDA), and n:;) evidence of 
bioaccumulation of MDI or MDA. 
13. DISPOSAL CONSIDERATIONS 
The generation of waste should be avoided or minimised w~erever 
possible. Disposal should be in accordance with local. state or nation. 
legislation. Untreated material is not suitable for dispJsal. Waste, 
even small quantities, should never be poured down drains. sewers or 
watercou"rses. 
Small quantities and empty drums - pretreat to neutralise prior to 
disposal. L;\rge quantities - incinerate under approved cJntrollcd 
conditions, using incinerators suitable for the disposal of nox~ovs 
chemical waste. Empty drums should be decontaminated and eitbec p4S~ 
to an approved drum reconditioner or dcstroyed. 
Sce also brochure PU 193-1 (see sectica ~E1. 
-220-
PRODUCT NAMR:SUPRASEC 6302 
14. TRANSPORT INFORMATION 
Not Classified as Dangerous (or Transport. 
15. REGULATORY INFORMATION 
EC Classification HARMFUL 
Xn Hazard Symbol 
Risk Phrasez R20 : Harmful by inhalation. 
R36/37/38 : Irritating to eye::>, reopiratory sycte 
and skin. 
R42/43 : May cause senzitisation by inhalat:ion ill:, 
::;kin contact. 
S23 : Do not breath£' vapour/spray. Safety Phrases 
536/37 : Wear suitable protective clothing and 
gloves. 
53B : In case of insufficient ventilation. wear 
nuitable respiratory equipment. 
845 : In case of accident or if you feel unwell. 
seck medical advice immediately (sho ... the :.abel 
where possible) . 
16. OTHER :INFORMATION 
This data sheet was prepared in accordance with Directive 93/112/EC. 
Liquid dccontaminant~ (percentages by weight or volume) : 
Decontaminant 1 : 
- sodium carbonate : 5 - la \ 
- liquid cetergent : 0.2 - 2 % 
- water : to make up to 100 \ 
Decontaminant 2 : 
- ~oru!oentr-ated-amM0n,i.a solution 3 - .B \ 
- liquid cetergent : 0.2 - 2 \ 
- water : to make up to 100 , 
Decontaminant 1 reacts slower with diisocyanates but i~ more 
environmentally friendly than decontaminant 2. 
Decontaminant 2 contains ammonia. Ammonia presents heal th hazard~. (:;f" 
~upplier safety information.) 
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Literature reference: PU 193-1 : 'MDI-Bu~ed Compositionr. 
Safe Handling Procedures.' 
---_.-
Haza;~ds and 
PU 181-15 : Recommended melting procedures for MDI-ba~ed isocyilnate:; 
ISOPA Guidelines for safe Loading/Unloading, Transportation, Storage 
of TOI and MDI , Ref.OB-!H> PSC-OOOS-GUIDI,. 
SP! Pr-1nl User Guidelines for the Chemical Protective Clcthing S.!lcCLc, 
References of methods used in the Physico-Chemical Properties SI!ctiOI1 
are reported in Annex V part A to Commission Directive 92/69/EEC of 31 
July 1992 adapting to technical pro9re~G for the Seventeenth time 
Council Directive 67/548/EEC. 
SUPRASEC is a trade mark of Huntsman Internation:!l LLC. 
,-----------------------------------'_. 
(PU MASTER SOL/REVl1) 
UK 
HUNTSMAN 
Polyurethanes 
originat.ed by; 
Huntsman (Europe) BV'BA 
International PTOdud 
safety. Health and 
EnWonment Group 
Evenlun45 
B~78e~.~um 
Tel. 02·758 9211 
(Date: 
(p~ge: 
The in!orm£tion and 
recommendation. in this 
publicAtion Are to the bes~ of our 
knowled?e. information and bellef 
aecurACe at the d~le ot 
publication. Nothing herein la to 
be conatxued •• warranty. express 
or implied. In all cases. it is 
the responsibility of uoers to 
determine the appllc~bl1ity oC 
such info~'tion or the 
suitability of any products for 
theJ...r~ ,parHculllr purpose. 
23.05.2001:· 
10 - La:3t. Pcl~J('; 
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1. rm:tlTl FICATION OF THE SUDSTANC£/PREPAHATION AND COMPI..NY /UlIm:ICiU< It;; 
'DALTOFLEX' El 21036 
reI Polyurethanes 
COmr:lct'cial Operations 
Ilitchen Lane 
Shepton Mallet 
Somerset. BA4 5TZ 
(01149) - 34 3D 61 
(01642) 452 4(;1 
2. COHrOSrTION/INFO~~TION ON INGREDIENTS 
PRODUCT DESCRIPTION : Compounded polyol blend 
H.AZ~~OUS INGREDIENT(S) CAS Ho. \ (loll..,) Syt:h:>l 
Cont~in5 ne Hazardous Ingredients (93/112/SEC) 
3. r.AZ1UWS IDENTIFleJ'l.TIOn 
Cons:dora:icn of the composition o! this product indicates l~~l i: 
not ?ra~ent a significant health hazard to users. 
4 • FIRST-AID MEASURES 
Inha:.<ltHY1 
Ski:: Cont:!ct 
Eye :::ont.;'I:-: 
Remov. patient from expo9ure. 
Hash immediately with water folloWQd by :;(1:1[, ;;n<1 Wo.·.··: 
I:rigatn with eyewa~:h solu~.ion or c1«'I0 .... atal. :.01':::,-; 
t:-te eyelid!"; ,)part. for ilt least 10 tninutt:::. (!;~( ,ir. 
~.dical attention. ?rovid~d the piltient is CO:iSCiOIlS, ,1,1,;1\ C'Jl r,',~Jt h :-... ;, 
W<1teI' and give 200-300 rnl (half a pint.) cl W,',"'l :' 
drink. Do not induce vomiting. 
furt~cr Medical Treatment 
Syr:l;--... :.om.!ti-:. tre<lt:ncnt .1nd supporti-;e thet'~;.py i:1S indi(~;·tL· '.1. 
W,;!..· 
( !-;;<":" 
" - :.1 I, . 
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PRODUCT NA.'-!Z: 'DALTOFLEX' El 21036 
5. FIRE-C!GHTING MEltsURES 
Not cL,3!;e'i ,~:c; fL';;l.mabl'!. 
If in\'<>.l\"~~:: .in a :ire, it m{lY emit ~loxious and to>:i~: f1.;n,,:!:;. 
EKtinyui~h~~g Hedil Nor:nal e>:tingul.st\i:'q rr:.,~dl,:'. 
Fin~ F:-:;ht:::<:; Pro:~(;tiv.~ Equipment Full protective eqtip:n«i!~i:,·:j>.: 
sui :able respi ratol 'i pr)! ,. :~ i':': 
---""'----"--------------------------
6. ACCIDE~TAL RELEASE MEASURES 
Adsorb spi~:,\ges onto sand, earth 0:: any suitable ad:;cl!!)(;·nt r.l;'~-':l,'~, 
Transfer t= a container for disposal. 
Wash the s~~llage area clean with water )nd detergent-
7 . HANDLISG AND STORAGE 
7. 1 HANDLING 
Ne sp~cial ?~ecau:ions f0quircd. 
7.2 STORAGE 
This mate:::.;:l is hygroscopic. Avoic ingr~ss of moistu!"e by Y.'!f< l!H: 
containers ?roperty sealed when not in use. 
8. EXPOSL~ CONTROLS/PERSONAL PROTECTION 
Wear suita=:e glc~e5 and eye/face protection. 
Occupational Exposure Limits 
LTEL 8hr TWA 
HAZA.lIDOUS INGREDIENT (S) ppm mg/m' ppm 
--------------''''-- '''''' ,,",,-""" " .. ""'" 
9. PHYSIC;L AND CHEMICAL PROPERTIES 
Form 
rL3~~h ;'<:i:'.: (Dag (2) 
Lquid 
> ! 00 
(Oat .. 
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PRODUCT NAME: 'DALTOFLEX' El 21036 
10. STABILITY AND REACTIVITY 
Haz~rdous Reactions None kno· .... n. 
Hazardous Decomposition Productrs) None at ambient t(!!nperatul"e. 
11. TOXICOLOGICAL INFORMATION 
This health hazard assessment is based on a consideration of the 
composition of this product. 
Inhalation Unlikely to be haza~jous by inhalation because o~ 
the low vapour press'Jre of the material at ambi('r~: 
temperature. 
Skin Contact Slight/mild irritant. 
Eye Contact Slight/mild irritant. 
Ingestion Low oral toxicity. 
-------------------------------------.... ~ ... 
12. ECOLOGICAL INFORMATION 
No information available. 
13. DISPOSAL CONSIDERATIONS 
The generation of waste should be avoided or minimised wherever 
possible. 
Disposal should be in accordance with local, state or national 
legislation. Bury On an authorised landfill site or incinerate tInder 
approved controlled conditions. 
--------------_ ...... _, ....... ... 
14. TRANSPORT INFORMATION 
Not Classified as Dangerous for Transpo~:. 
UN No. 
UN PacK. Gr(')up 
(Date: 20-0t.}·-97 
IP.1qe: 
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PRODUCT NAME: 
AIR 
ICAO/lAT" Cbss 
-primary 
SEA 
IMDG Class 
-prim.ary 
ROAD/RAIL 
ADR/RID Class 
ADR,'RID ltera No 
ADR SIN 
'DALTOFLEX' El 21036 
15. REGULATORY INFORMATION 
Not Classified as Dangerous for Supply/Use. 
EC Classification 
lIa::ard Symbol 
Risk Phras~s 
Safety i?hr<3sQs 
Not classified. 
None required. 
None required. 
None required. 
16. OTHER INFORMATION 
This data sheet was prepared in accordance with Directive 93/112/EC. 
(PU r1ASTE?. OON/REVO 3) 
iUNTSMAN Originated by: 
~~.;;;.;;.,;;;;;..;.,;;,;:;;:;.,;;;.;; Huntsman ICI Europe 
'olyurethanes limited 
lntematJonal Product Safety. 
Health aM 
Environment Group 
Eversl33n 45 
9.3078 Everberg. BelgIum 
TeI, 02·7Sa 92 11 
(Date: 
(Page: 
20-06-97 
4-Last Paqe) 
The information and reo:mvnendations in this 
publicabOO are to the best of our knowledge. 
informabOO and belief aCOJrate at the dale of 
publication. Nothing herein is to be construed as 
warranty. expt'ess or implied. In an cases. it IS the 
responsitl<!ity of users to determine the 
applicability of such information or the suitability of 
any products for L'1e;r own particular purpose 
Ihmtsman Corpor3t1On. the larg~st V,a(e!y·~.( 
dlemical company in the US pu'dlJ~'<lICI 
Polyurethanes from the ICI Croup e)~,er !/'I$ 
y'!ar. ICI Polyurethanes (l()VoI na. a n':'" name 
Huntsman Polyurethanes 11 !;Cu' old f'.)me 
a~pe3tS anywhere ~n thi$ dif';Jment r:e)<;e 
1!:~.l'Ird It as lIurtSm.1n POly",'eth"n~', 
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